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EXECUTIVE SUMMARY

Igniting fusion fuel in the laboratory remains an alluring goal for two reasons:  the desire to study
matter under the extreme conditions needed for fusion burn, and the potential of harnessing the
energy released as an attractive energy source for mankind.

The inertial confinement approach to fusion involves rapidly compressing a tiny spherical capsule
of fuel, initially a few millimeters in radius, to densities and temperatures higher than those in the
core of the sun. The ignited plasma is confined solely by its own inertia long enough for a
significant fraction of the fuel to burn before the plasma expands, cools down and the fusion
reactions are quenched. The potential of this confinement approach as an attractive energy source
is being studied in the Inertial Fusion Energy (IFE) program, which is the subject of this report.

A complex set of interrelated requirements for IFE has motivated the study of novel potential
solutions.  Three types of “drivers” for fuel compression are presently studied:  high-average-
power lasers (HAPL), heavy-ion (HI) accelerators, and Z-Pinches.  The three main approaches to
IFE are based on these drivers, along with the specific type of target (which contains the fuel
capsule) and chamber that appear most promising for a particular driver.

In his charge letter (Appendix A) to the chair of the Fusion Energy Sciences Advisory Committee
(FESAC), Dr. Orbach, Director of the Office of Science in DOE, noted “the considerable
scientific and technical progress” in IFE and asked for “an assessment of the present status of”
IFE research carried out in contributing programs.  These programs include the HI beam, HAPL,
and Z-Pinch drivers and associated technologies, including Fast Ignition.  The letter noted that
these programs reside in two different parts of DOE, and that both Defense Programs in the
National Nuclear Security Agency (NNSA) and the Office of Science “support this review and
concur that it be carried out by FESAC.”

An IFE Panel was formed to address the charge.  The assessment of the quality of the technical
work was assigned to those Panel members who are not participants in the IFE program.  Overall,
they were very impressed by the progress across the program, noting that the three main
approaches (HI accelerators, HAPL, and Z-pinch) are at different levels of maturity.  The
balance between the science and technology emphasis necessarily varies.  The recent progress
related to these approaches is substantial and the quality of the science and engineering research
is excellent.  All approaches are currently on track for developing the science and technology to
properly evaluate their potential for IFE. However, the planned termination of technology
programs in support of the HI approach is not consistent with their importance to HI-IFE, and the
Panel is concerned about the impact of this action.

The Panel also examined the potential impact that the Fast Ignition (FI) concept might have on
IFE, and observed that each of the approaches to IFE may benefit if the technique of Fast Ignition
proves effective.  However, since FI is at an early stage of development it would be premature for
any of the IFE approaches to rely on the success of FI to achieve an attractive fusion energy
system.  During the next several years, there is an opportunity to assess the potential of the FI
concept utilizing facilities in both Japan and the US (OMEGA, Z, and possibly NIF) through
modest OFES investments.

The primary issues currently facing the IFE program provide the framework for an appropriate set
of research plans, which assume continued funding.  From this list, the Panel identified the single
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near-term issue that appears to be the most critical for each of the approaches (HI, HAPL, and Z-
Pinch) and for the FI concept.  They are:
HI  --  Physics limits to the maximum phase-space density of space-charge-dominated HI

beams and the resulting implications for HEDP and fusion ignition.
HAPL -- Durability of KrF lasers, and efficiency and beam smoothing in DPSSLs,1 that

will scale to the high-energy requirements for IFE.
Z-Pinch -- Physics limitations on power flow in a recyclable transmission line, including

the coupling to the pulsed-power driver and the integral target assembly.
FI  --   Physics of fuel compression to a uniform-density sphere and of energy transport

by relativistic electrons to that high-density fuel to achieve ignition.

These issues, along with many other important basic and applied science issues that form the
basis of IFE research plans, must be addressed to assess the potential of IFE.  The critical issues
related to fuel ignition and burn affect all of the approaches but were not included in the above
list because they are being addressed mainly by the ICF program.  The Panel acknowledges this
vital role of the ICF program and notes the tremendous leverage that allows the comparatively
modest funding for IFE-specific programs to continue to yield important advances.  This is a
synergistic relationship where IFE research also directly benefits the NNSA mission.   

The Panel also found that IFE capabilities have the potential for significantly contributing to
HEDP and other areas of science.  For example, isochoric heating of substantial volumes to
uniform, elevated temperatures should be achievable using HI beams.  Investigations of the Fast
Ignition concept can lead to exploration of exotic HEDP regimes.  Moreover, the rapid turn-
around capabilities envisioned for IFE drivers could accelerate progress in HEDP science by
enabling a wide community of users to conduct “shot-on-demand” experiments with data rates
and volumes far exceeding those obtained on large systems that currently require long times
between shots.

In sum, the IFE Panel is of the unanimous opinion that the IFE program is technically excellent
and that it contributes in ways that are noteworthy to the ongoing missions of the DOE.
Moreover, the Panel agrees with the IFE community that the most efficient way to achieve the
ultimate goal of fusion energy is to carry out a coordinated program with some level of research
on all of the key components (targets, drivers, and chambers), always keeping the end product
and its explicit requirements in mind.  The Panel also notes that the scientific and technical
challenges posed by IFE, along with their many connections to HEDP, have attracted many
outstanding researchers from academia as well as federal laboratories.  Success will depend on
sustaining the commitment and involvement of such people in a broad spectrum of scientific
disciplines.

                                                  
1 The HAPL program is exploring the potential of two types of lasers: the krypton-fluoride (KrF)
gas laser, and the diode-pumped solid-state laser (DPSSL).
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1.  INTRODUCTION

1.1.  Background

Ever since the discovery that thermonuclear fusion is the source of energy that powers our sun
and all the stars, there has been the dream to ignite fusion fuel in the laboratory.  The interest is
driven by two desires: to study matter under the extreme conditions needed for fusion burn, and
to explore the potential of harnessing the energy released as an attractive energy source for
mankind.

The conditions required to ignite the fuel and sustain a fusion burn include temperatures of about
100,000,000 degrees or more.  The fuel must also be confined and insulated well enough so that
energy released from the initial fusion reactions can sustain the fusion process.  Achieving those
conditions in the laboratory has proved to be a daunting challenge.  In stars, the enormous
pressure exerted by their gravity leads to these conditions of high temperature and confinement.
On earth, the two main laboratory approaches being pursued are magnetic confinement fusion and
inertial confinement fusion.  Depending on its type and age, a star succeeds in fusing a variety of
light nuclei to form heavier nuclei.  Attempts to achieve fusion burn in the laboratory will use the
fuel that requires the least extreme conditions to create a burning plasma.  That fuel is a mixture
of deuterium and tritium, two isotopes of hydrogen.

Magnetic Confinement and Inertial Confinement. The magnetic approach uses magnetic fields to
confine and insulate the hot fuel, which becomes an ionized gas (a plasma) at the temperatures
required for fusion.  The inertial approach involves the rapid compression of a tiny spherical
capsule of fuel, initially a few millimeters in radius, to densities and temperatures higher than
those in the core of the sun. The ignited plasma is confined solely by its own inertia long enough
(less than a billionth of a second) for a significant fraction of the fuel to burn before the plasma
expands, cools down and the fusion reactions are quenched.

The world scientific community is finally poised to create a burning plasma in the laboratory after
more than 50 years of scientific and technological advances.  International negotiations are
underway to select the site to construct ITER, which will use the magnetic confinement approach.
The National Ignition Facility (NIF) is already under construction in the US, and will use the
inertial confinement approach.2  A similar facility, Laser Mega Joule (LMJ), is under construction
in France.

These facilities will allow the study of burning plasmas under very different conditions involving
very different physics.  For example, the fusion conditions in NIF will require densities that are
about a 100 billion times greater than those in ITER.  These NIF experiments will provide high-
energy-density-physics (HEDP) conditions never before achievable in the laboratory.  The rich
scientific opportunities in HEDP are described in a recent National Research Council report [1].

                                                  
2 Inertial fusion experiments conducted at the Nevada Test Site have demonstrated excellent
performance, but NIF is projected to produce the first burning plasmas in a controlled laboratory
environment enabling easily repeatable, highly diagnosed studies.
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1.2.  Inertial Fusion Energy (IFE)

The inertial confinement approach has the potential to be an attractive path to fusion energy.
That potential is being explored, and these IFE research activities are the subject of this report.

The motivation for fusion energy research includes the promise of an energy source with no
greenhouse gas emissions, and with a virtually inexhaustible fuel supply that is widely available.
While these and other features of IFE are attractive, an earlier FESAC report “recognized that
difficult scientific and technological questions remain for fusion development.” [2]  A diversified
basic and applied science research portfolio is required to prepare for the realization of the
ultimate goal of fusion energy production and to reduce developmental risk.  IFE and MFE
(magnetic fusion energy) are pursued because they present major opportunities for advancing
both science and fusion energy.  While they share a common goal, IFE and MFE have
significantly different scientific and technological challenges and opportunities.  Because of this
diversity, the parallel pursuit of IFE and MFE broadens the contributions to science while
reducing developmental risk.

Conceptually, IFE can be harnessed to generate electricity and other useful products from a
steady sequence of inertial confinement fusion (ICF) events.  Each ICF event involves placing a
small capsule of fuel in a chamber and then compressing and heating it to ignition by some type
of “driver” that generates intense pressure on the outside of the capsule. Fusion-power system
studies indicate that the energy released per event could range between hundreds of megajoules
and several gigajoules.  The corresponding repetition rates would range from several per second
to about once every ten seconds for a 1-GW(e) power plant.

Four principal technical requirements must be achieved in a cost-competitive, environmentally
attractive manner for IFE to be successful:

1) High Energy Gain and Efficiency:  The efficiency of the driver in converting energy from the
electrical power grid to the energy needed to compress the capsule, coupled with the energy
"gain" of the capsule (ratio of energy released to the energy needed to compress and heat the fuel)
must be sufficient to yield substantial net energy.

2) Repetition Rate: The driver, target (which includes the fuel capsule) fabrication, and reaction
chamber must operate at a repetition rate that is sufficient to produce economically useful power.
The chamber must be restored to a sufficiently quiescent state after each shot to allow insertion of
the next target, and for the transmission and focusing of the next pulse of energy from the driver
to that target.

3) Energy Conversion and Tritium Breeding:  The energy released from the burning deuterium-
tritium (DT) fuel is mainly in the form of energetic ions, neutrons, and x rays. This energy must
be absorbed by the chamber and converted into "high-grade" thermal energy that can be
efficiently used to drive electric generators.  The chamber must also utilize the emitted neutrons
to breed sufficient new tritium (from lithium) to sustain the fuel supply.

4) Durability: The components in an IFE system must carry out the above functions with
sufficient durability for the high capacity factors required in an attractive energy system.

Approaches to IFE.  This complex set of interrelated requirements for IFE has motivated the
study of novel potential solutions.  Three types of “drivers” for fuel compression are presently
studied:  high-average-power lasers (HAPL), heavy-ion (HI) accelerators, and Z-Pinches.  The
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need for efficient coupling of energy from these drivers to the capsule has motivated different
conceptual designs for the “targets,” which contain the capsule of fuel.

In broad terms the targets can be categorized as “direct drive” or “indirect drive” types.  Both
types of targets have been used in the ICF program for various physics studies. Fusion capsules
for both target types are conceptually similar, and are envisaged to consist of a tiny, spherical,
cryogenic solid shell of DT fuel or DT-wetted foam, coated with plastic or other materials. In the
case of direct drive, the driver beams (e.g., lasers) are focused directly on the surface of this
coating.  For indirect drive, the driver energy is delivered to the interior of a high-Z (heavy
element) enclosure (hohlraum) so that the material at or near the inside surface of the hohlraum is
heated to 2 to 3 million degrees.  This creates blackbody x-ray radiation that impinges on the
capsule at the center of the hohlraum.

The impinging energy (directly from driver beams or from x-rays) heats up the coating on the
outer surface of the capsule.  The heated coating ablates radially outward, generating an inward
momentum impulse very much like a standard rocket engine. Driven by this “rocket” the shell
implodes, reaching high velocities, and then slows down as the pressure builds up in the fuel. As
the shell slows down, its kinetic energy is converted into internal energy (i.e. pressure) of the
material enclosed by the imploding shell.  The rapidly converging fuel creates a “hot spot” at the
center that reaches its maximum temperature and pressure when the shell stagnates. At pressures
of hundreds of gigabars and a temperature3 of about 10 keV the hot spot ignites and a fusion burn
front propagates outward through the bulk of the compressed fuel.

System studies indicate that each driver type is best matched with a specific target design and to a
specific reaction chamber (including energy conversion) design. Two general types of chambers
are being examined to accommodate the specific needs of the different drivers and targets.  Dry-
wall chambers have armor to withstand the energetic radiation and debris from the targets.  The
thick liquid-wall chambers have the advantage of continually replacing the surface exposed to
this radiation and debris but with the added complexity of managing the flowing liquid. The three
main driver types (HAPL, HI, and Z-Pinch), coupled with their corresponding target and chamber
types, become the three main approaches to IFE. The following paragraphs briefly describe the
present concepts for these three approaches.

High-Average-Power Lasers.  The HAPL approach involves research on both krypton-
fluoride (KrF) gas lasers and diode-pumped solid-state lasers (DPSSL).  The main-line approach
for either laser is to use direct-drive targets to maximize energy coupling efficiency to the
capsule.  Advances in laser techniques indicate that the spherical uniformity of illumination
required by these targets may be achievable.  Dry-wall chambers for energy conversion appear to
be most compatible with the final optics and the penetrations in the chamber wall needed for
spherical illumination. Dry walls are also compatible with the relatively low x-ray output from
direct-drive targets, as compared with that from indirect-drive targets.

Heavy-Ion Accelerators.  The HI-accelerator approach plans on indirect-drive targets
because the large ICF target physics database for indirect drive allows good definition of HI beam
requirements, and because two-sided illumination is compatible with thick liquid protected
chambers.  The loss in efficiency compared to direct drive should be offset by the higher

                                                  
3 Plasma temperatures are frequently measured in units of electron volts (eV) or thousands of
electron volts (keV).  Since 1 eV = 11,600 oK, then 10 keV is slightly more than 100 million
degrees.
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efficiency that is expected from HI accelerators.  Liquid wall techniques for absorbing the energy
while protecting structural material appear usable with the HI approach due to geometrically
limited wall penetrations (spherical illumination not needed) and less demanding requirements for
protecting final focusing optics from chamber and target debris compared with lasers.

Z-Pinches.  The Z-Pinch approach produces x-rays from an imploding cylindrical array
of current-carrying wires that stagnate on a low-density-foam cylinder.  One or two of these
assemblies provide the x-rays inside of a hohlraum for the indirect-drive-target design.  The high
x-ray-generation efficiency of the pulsed-power driver and the z-pinch should compensate for the
lower efficiency of this indirect-drive target design.  The Z-Pinch driver, in contrast with the
other two IFE approaches, is physically connected to the target by transmission lines.  Lower
repetition rates than HAPL or HI, and hence higher fusion yields per target, are envisioned to
allow for replacing the transmission lines on each shot.  Liquid walls are the baseline chamber
approach, as in the HI approach, and they should be useful in dealing with the larger fusion
yields.

The development of high-energy petawatt (1015 Watts) lasers raises the possibility of reducing the
compression-driver requirements for any of the three approaches.  The potential improvement
relies on the extremely short pulse (~10 ps) of a petawatt laser to heat and ignite a small portion
of the fuel near the edge of a compressed capsule.  This “Fast Ignition” concept separates the
functions of compression and ignition, and potentially relaxes the constraints on compression-
driver energy and target uniformity because no central hot spot is required. This flexibility may
allow higher-gain capsules, and simplification of chamber and driver specifications.

1.3.  IFE and Inertial Confinement Fusion (ICF) Programs

The IFE program in the US exists in the context of both weapons and energy research. The DOE
National Nuclear Security Agency (NNSA) has a major program in ICF because of its relevance
to the nuclear weapons Stockpile Stewardship Program (SSP).  The ICF program, funded at
$504M in FY03, supports major facilities including the 1.8-MJ NIF laser ($290M) being
constructed at the Lawrence Livermore National Laboratory, the 30-kJ OMEGA laser facility at
the University of Rochester, the 2-MJ Z pulsed-power facility at Sandia National Laboratories,
and the 3-kJ Nike laser at the Naval Research Laboratory.4  These facilities and the program more
generally devote a major fraction of their resources toward SSP research that is much broader
than just achieving ignition, and includes a variety of high-energy-density physics (HEDP) topics.

Decades of experimental, theoretical, and computational R&D carried out in the ICF program
have led to an understanding of the science and technology needed for single-shot ignition and
burn.  Much of this information is also essential to the IFE program.  Relevant topics include
driver-energy absorption by the capsule, driver asymmetries, capsule nonuniformities, implosion
hydrodynamic stability, hot-spot ignition, and burn propagation. The ICF program has the goal of
achieving ignition on NIF within the next decade.  The close interactions between the ICF and
IFE programs, particularly in the area of target physics, are essential to the success of the much
smaller IFE program.

IFE research programs currently exist in both NNSA and the Office of Fusion Energy Sciences
(OFES) within the DOE Office of Science.  Congress has added significant funding to the NNSA

                                                  
4 The energies listed represent the energy that each facility can deliver to a target.



March 29, 2004

10

budget for IFE during the past five years, including $25M this year (FY04), to support research
through the High Average Power Laser (HAPL) program.  The HAPL program is focused on
developing the science and technology for the laser drivers and other components needed for
fusion energy production, and is closely coupled with the target physics work carried out in the
ICF program.  This year Congress also added $4M to explore the Z-Pinch as an IFE driver.
These efforts are focused on the goals and needs of IFE that are beyond those of ICF.

The OFES component of the IFE program is focusing mainly on the scientific underpinnings of
the Heavy-Ion (HI) approach. This strategy emphasizes research topics such as non-neutral
plasmas and accelerator physics issues essential for the HI approach and relevant to other fields
of science. Indeed, because of the potential for IFE research to contribute to the field of HEDP,
OFES has adopted the following performance measure for its IFE program [3]: “High Energy
Density Physics/IFE: Progress in developing the fundamental understanding and predictability of
high energy density plasma physics, including potential energy producing applications.”  The
OFES has also sponsored research in the areas of target design and fabrication, Fast Ignition, HI
chambers, and system studies for HI and lasers. In FY03 the OFES budget for all IFE activities
was about $17M.  The FY04 appropriations provided only $15M for IFE, including only closeout
funds for technology.  Systems studies were eliminated.  The closing out of these programs is
reflected in Table 1, which summarizes the funding source for various activities important to the
IFE program.

Table 1
Source of Funding for IFE-Relevant Activities

NNSA Program OFES Program Report Section

HEAVY-ION BEAMS
   Driver Science OFES-IFE 3.2.1
   Final Optics (magnets) 3.2.1
   Target Physics OFES-IFE 3.1.1
   Target Fabrication 3.1.4
   Target Injection HAPL 3.1.4
   Chamber 3.4.1
LASERS
   Driver Science/Technology HAPL 3.2.2, 3.2.3
   Final Optics (mirrors) HAPL 3.2.3
   Target Physics ICF (+HAPL) 3.1.2
   Target Fabrication HAPL (+ICF) 3.1.4
   Target Injection HAPL 3.1.4
   Chamber HAPL 3.4.1
Z-PINCHES
   Driver Science/Technology Z-IFE 3.2.4
   Recyclable Transmission Line Z-IFE 3.2.4
   Target Physics ICF 3.1.1
   Target Fabrication ICF (+Z-IFE) 3.1.4
   Chamber Z-IFE 3.4.1
FAST IGNITION
    Petawatt Lasers ICF 3.3
    Target Physics OFES-IFE 3.1, 3.3
    Target Fabrication ICF OFES-IFE 3.1.4
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Since the distinction between the IFE and ICF programs is essential for the clarity of this report,
the following descriptions are provided for the reader’s convenience:

IFE program -- the DOE-sponsored research in inertial fusion energy, including the OFES
research in Heavy-Ion Beams and Fast Ignition, and the NNSA HAPL and Z-Pinch-IFE
programs.

ICF program -- the NNSA-funded program in inertial confinement fusion, excluding the
HAPL and the Z-Pinch-IFE programs.

Only a few countries have major research programs in inertial fusion. These include Japan and
France, with the US program being the largest. The Japanese program is exclusively devoted to
energy research.  The emphasis is on Fast Ignition using the 12-beam ~10-kJ GEKKO laser and a
0.4-kJ petawatt laser.  The work is carried out at the Institute for Laser Engineering at Osaka
University, where the FIREX1 construction project is adding a ~10-kJ, 10-ps, 4-aperture laser to
GEKKO for Fast Ignition research.  The French program is mainly oriented toward weapons
research and HEDP.  Facilities include a 1-kJ petawatt laser capability at LULI (Ecole
Polytechnique) in Paris and the 60-kJ LIL facility at CESTA near Bordeaux.  As mentioned
earlier, the LMJ facility is under construction and will have an energy level comparable to NIF.
It also has a similar schedule for reaching ignition.

1.4.  Formation and Activities of FESAC’s IFE Panel

Charge to FESAC.   In his charge letter (Appendix A) to the chair of the Fusion Energy Sciences
Advisory Committee (FESAC), Dr. Orbach, Director of the Office of Science in DOE, noted “the
considerable scientific and technical progress” in IFE and asked for “an assessment of the present
status of” IFE research carried out in contributing programs.  These programs include the HI-
beam, HAPL, and Z-Pinch drivers and associated technologies, including Fast Ignition.  The
letter noted that these programs reside in two different parts of DOE, and that both Defense
Programs in NNSA and the Office of Science “support this review and concur that it be carried
out by FESAC.”

IFE Panel Organization and Activities.   FESAC’s IFE Panel membership (Appendix B) includes
7 members of FESAC and 13 additional experts.  Ten of the members are experts associated with
IFE programs and the other ten are not, but have expertise in MFE, HEDP, and other relevant
disciplines.

The IFE experts were assigned the responsibility of ensuring that all of the relevant information
about the status of the programs, including recent advances, was made available to the Panel
through presentations and written material.  They were also responsible for explaining the major
issues facing the programs and identifying possible approaches to resolving those issues.  In
addition, they were responsible for providing information about how IFE research has or might
contribute to other scientific endeavors, including HEDP.

The members who were not participants in the IFE program were assigned the responsibility of
assessing the quality of the IFE research and reviewing the key issues facing the program.  They
were also to comment on the appropriateness and timelines of possible research activities to
resolve the issues, taking into account the availability of resources and appropriate facilities, and
the value of the advances in technical understanding that might accrue.  They were also assigned
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the task of evaluating the potential impact of the IFE programs on HEDP and other areas of
science.

The Panel began its work by creating a reading list (Appendix C), which includes recent reviews
of the IFE program.  The Panel met twice and held 5 formal conference calls.  The agendas are
provided in Appendix D.  The meetings involved researchers from the IFE community in addition
to Panel members.  As indicated in the agendas, representatives of the US government and one
IFE expert from Japan were among those who interacted with the Panel.  The Panel extensively
used a website and email to share information between meetings and during conference calls.

The FESAC Priorities Panel sought input from the IFE Panel on key issues that motivate MFE
and IFE research, as expressed in a list of Overarching Questions and Topical Questions.  The
IFE Panel response was provided in a letter and a subsequent email (see Appendix E).

Outline of Report.   First, the report describes a few general observations and findings that grew
out of the Panel’s many discussions.  Second, the report provides assessments of the technical
progress in IFE, and of the research quality. Third, it describes the critical scientific issues for the
IFE program, and evaluates the readiness of the program to embark on activities that will lead to
new advances in understanding toward the goal of fusion power. Fourth, the report considers
potential contributions from IFE programs to HEDP, the ICF program, and other areas of
research.

The report responds to the following four topics quoted from the charge letter:

1. The current status of the scientific basis and related technology of each of the approaches
to IFE, including an assessment of the quality of work being carried out in the programs.
[See Section 3]

2. Critical scientific issues identified in each of the approaches to IFE that would contribute
to understanding the long-range potential of IFE.  [See Sections 3 and 4]

3. The impact that fast ignition as a concept improvement may have on IFE.  [See Sections
3 and 4]

4. The potential contribution of the various IFE program elements to the emerging field of
High Energy Density Physics.  [See Section 5]
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2.  SOME GENERAL OBSERVATIONS AND FINDINGS

The Panel found it challenging to attempt a coherent and effective evaluation of IFE when the
activities funded through OFES and NNSA differ both in their near-term strategies and in their
technical approaches to achieving fusion energy.  The OFES-funded IFE activities have been
asked to emphasize a subset of the science relevant to IFE, with particular emphasis on areas
relevant to HEDP.  The NNSA-funded HAPL and Z-Pinch IFE activities take an integrated
approach to developing the key science and technologies together as a coherent system needed for
fusion energy.  Each program also pursues technical approaches that differ greatly in their
scientific and technology issues.  The set of general observations and findings in this section
derive from the process of working through this assignment.

These findings are listed here to set the context for the rest of the report.  More specific findings,
including those that respond to the itemized topics in the charge letter, are found within the text of
Sections 3 through 5.

Finding:  The Panel recognizes and respects the reasons for the differences in near-term focus of
OFES and NNSA sponsored programs.  Although near-term strategies differ, the ultimate goal of
all IFE research is fusion energy production.  The long-term potential for fusion power provides
an exciting and unifying purpose for all IFE research activities.

Each of the approaches to IFE (see Table 1) involves basic and applied scientific challenges.
These challenges are described in Sections 3 and 4.  The scientific topics include accelerator
physics, equations of state in the HEDP regime, plasma chemistry, laser-plasma interactions, the
material science underpinning optical damage at high intensities, physics limits of power flow in
transmission lines, and energy absorption in materials (chamber walls) that reach HEDP
intensities, to name just some.

Finding:   IFE research involves a rich set of scientific challenges.  Substantial advances in a
spectrum of scientific disciplines will be required to effectively assess the long-term potential of
IFE.  Many outstanding researchers from academia as well as federal laboratories are pursuing
a range of exciting IFE science topics.

The IFE program needs to address the scientific and technical issues associated with the complex
interrelated requirements for targets, drivers, and chambers that pose the greatest uncertainty in
assessing the ultimate potential of IFE.  As the Panel struggled with selecting the most critical
near-term issues identified in Section 4, it was guided by the ultimate goal of IFE and by the
present understanding of the various elements of an energy producing system.

Finding:  Understanding the interrelated scientific and technological issues of the key
components of IFE within the framework of an integrated system is an essential input for
prioritizing IFE research activities, whether for the science-focused OFES program or for the
NNSA program.  Careful prioritization is particularly important given the limited resources
available to these IFE activities.

The prevailing view in the IFE Panel is that the most efficient way to achieve the ultimate goal of
fusion energy is to carry out a coordinated program with some level of research carried out on all
of the key components (targets, drivers, and chambers), keeping the requirements of the end
product in mind.  However, the Panel members had widely varying views on the relative levels of
effort among the components and the degree of focus on science or technology that would



March 29, 2004

14

provide the most efficient development path, given the present state of understanding.  Keeping in
mind this broad description of a coordinated program, the Panel supports the following finding.

Finding:  Carrying out a coordinated IFE research program allows a more efficient approach
for developing a fundamental understanding of the science that is necessary for IFE.

An obvious challenge for IFE is the long timescale that is projected, given present funding levels,
to resolve the interrelated scientific and technical issues and to demonstrate the potential of IFE.
This challenge requires the continuing recruitment, training, and retention of outstanding young
people.

Finding:  The scientific and technical challenges posed by IFE, along with their many
connections to HEDP, and the grand ultimate purpose of fusion power highlight both the need
and the opportunity to attract outstanding researchers for future success.  In order to identify and
exploit key opportunities and synergies with HEDP and other exciting topics, improved
coordination is needed between various scientific communities.  The series of workshops on
laboratory astrophysics with lasers is a model that could be emulated.
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3.  ASSESSMENT OF THE TECHNICAL STATUS --
RECENT PROGRESS AND CHALLENGES

Given the large number of possible combinations of drivers, targets, and chambers, it is prudent
to focus most of the research resources on the combinations that appear to be most promising. As
described in the Introduction, the HAPL program emphasizes direct-drive targets and dry-wall
chambers.  The HI accelerator and Z-Pinch efforts emphasize indirect-drive targets and thick
liquid-wall protection.  Fast Ignition may be compatible with both target/chamber combinations
and any of the compression drivers.

This section contains an overview of the recent advances made on these three main approaches to
IFE and on the Fast Ignition concept. The primary remaining issues for each topic are noted along
with the general plans of the program to address them.  A brief assessment of the quality and
appropriateness of the work in each of these areas is also provided.  In carrying out this
assessment, the members of the Panel who are outside of the IFE program examined the
achievements in light of the goals that were established for the various program elements in
recent years [4,5,6] while taking into account the availability of funds since the goals were
established.  Additional factors in the assessment process included the presentations given to the
panel by IFE experts, the publication record of the researchers, including the level of exposure in
national and international meetings, and the identification of the remaining critical issues with
defined research programs to resolve them.

3.1.  Targets

Although targets being evaluated for IFE can be broadly categorized as either indirect drive or
direct drive, target details can vary substantially depending on the choice of driver and chamber.
Figure 1 illustrates some of this diversity.

For IFE, a key parameter in matching a target with a driver is the target gain, G.  G must exceed a
certain minimum that depends on the fusion system’s driver efficiency. The inverse of the
product of ηGε is the fraction of the electric energy produced that is used to power the driver,
where η is the driver efficiency and ε is the overall efficiency of conversion of thermonuclear
energy to electricity. For example, for ε = 50% and a driver efficiency η = 10%, a target gain of
100 would result in 20% of the electric output being used to power the driver.  In general,
indirect-drive targets have lower gains than direct-drive targets, and therefore require higher
efficiency drivers.  Indirect-drive targets are also more complex, but they impose less stringent
requirements on the focusing and uniformity of driver energy delivered to the target.

The Fast Ignition (FI) concept uses one of the drivers (HI, HAPL, or Z-Pinch) to compress the
target shown in Figure 1g, and then uses an extremely intense (1019–1020W/cm2) laser beam to
ignite a propagating thermonuclear burn wave in the compressed, but cold, target.  This concept
has the potential of increasing target gain and/or easing the detailed requirements on compressor-
driver energy delivery to the target.  The concept is at an early stage of investigation, the physics
is complex, and the technology is challenging.  The potential and the challenges are described in
Section 3.3.
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Figure 1.  A wide range of targets is being examined for IFE.

3.1.1. Indirect Drive

The major differences between laser (NIF), HI, and Z-Pinch indirect drive targets are related to
the physics issues of x-ray production and the detailed hohlraum geometry utilized to achieve
symmetry of the radiation driving the implosion.  Capsule physics is essentially independent of
the source of x-rays.  Also, the physics of x-ray transport within the various hohlraum concepts as
well as of hohlraum energetics is common to all indirect-drive targets.  Therefore, OMEGA, Z,
and NIF can investigate implosion and ignition issues for all of the indirect-drive targets being
considered for IFE.  Similarly, IFE target innovations and insights can, and have been,
incorporated into the ICF program.

Indirect Drive with Lasers (NIF)

This is the baseline approach to ignition on NIF (Figure 1b).  OFES supports a small amount of
IFE target design work on techniques that could simplify the laser-beam geometry relative to that
utilized on NIF.  Essentially all other target design work for laser indirect drive is supported by
the ICF Program and is specifically aimed at improving the performance of NIF.  For example,
hohlraums are being designed with material mixtures that reduce x-ray losses into the wall, and
with smaller laser entrance holes.  These improvements are expected to enable reduced hohlraum
sizes, increased coupling efficiency to the capsule, and higher gain.  There are now indirect-drive
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target designs for NIF with gains up to 50. These advances have positive implications for IFE.
For NIF, the major challenge is to control laser-plasma interaction (LPI) effects with only a
modest (10 – 20%) energy penalty.

Indirect Drive with Heavy-Ion Beams

Indirect drive is the baseline target concept for the HI-beam approach, which will benefit from the
ignition target physics studies being planned for NIF. In addition, HI drivers are expected to have
an efficiency of 25-40%, so relatively low target gains (25 to 50) are projected to be adequate for
HI IFE.

All recent HI-driven target design work has been funded by OFES.  Since beam focusing to a
small spot size is a challenge for HI beams, this target research included a systematic study of the
tradeoffs among drive symmetry, beam spot size, and capsule hydrodynamic stability.  Two
designs of interest resulted.  One more efficiently utilizes driver energy but requires a more
challenging (1-2 mm radius) ion beam spot on target (Figure 1d), and the other greatly relaxes the
beam radius requirement (~ 5 mm radius), but ~20% more delivered beam energy is required
(Figure 1a). It is noteworthy that optimization of capsule performance of HI-driven targets has
had a substantial impact on the optimization of capsules for NIF targets.   At present, the most
critical issue for HI fusion is to better understand the physics that may limit beam brightness on
the target.

Indirect Drive with Z-Pinches

Recent breakthroughs in efficiently producing intense, z-pinch-driven, thermal x-ray sources and
achieving symmetric capsule implosions on the Z facility have created a new path for achieving
indirect-drive ICF.  This research is supported by the NNSA ICF program as part of a broad-
based effort to evaluate options for targets with yields of greater than 500 MJ.  The “double-
ended z-pinch hohlraum” configuration (Figure 1c) and the “dynamic hohlraum” (Figure 1f)
configuration have both demonstrated x-ray production with about 15% overall electrical
efficiency when a cylindrical, radially imploding z-pinch plasma stagnates on a low-density foam
cylinder.  Since x-ray production efficiencies of up to 25% are feasible, IFE target gains in the
range of 50 or more are required.
.
The DT-fuel-capsule location is quite different in the two cases.  In the double-ended z-pinch
target, the capsule is in a static hohlraum.  A decade of experiments has demonstrated control of
radiation symmetry to within a factor of two of that required for high-yield capsule implosions.
Further advances are needed in the scaling of x-ray power and pulse shape as the current is
increased from 20 MA to the ~60 MA required for high yields.

The dynamic-hohlraum concept embeds the spherical fusion capsule inside the low-density foam
cylinder that is centered in the single high-Z wire array.  This arrangement offers the potential for
about twice the efficiency in delivering energy to the capsule, compared with the double-ended z-
pinch target. However, the physics issues associated with achieving a highly symmetric capsule
implosion are closely coupled to the physics of the z-pinch implosion itself.

While the target designs take advantage of much of the capsule physics developed in the laser
ICF program, the capability to perform fully integrated 2D and 3D calculations that include the
physics of the wire arrays is still being developed.
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3.1.2. Direct Drive with Lasers

Direct-drive targets (Figure 1e) are conceptually simpler than indirect drive targets and they have
higher overall energy-coupling efficiency to the fuel capsule. Direct-drive target design has been
supported entirely through the ICF and HAPL programs of NNSA.

The efficiencies of laser drivers (KrF and DPSSL) are projected to be about 7% percent.  At these
values, target gains of at least 120 are needed for IFE.  Recent work predicts capsule gains of
120-170 for a few-MJ driver.

The major challenge in realizing sufficient gain from a direct-drive target is suppression of
hydrodynamic (Rayleigh-Taylor) instabilities, which can be seeded by the non-uniformities of
either the capsule surface or the driver-beam illumination.  Experiments have shown that adding a
thin high-Z layer (such as Pd) on the surface of the target substantially reduces the imprint of
laser non-uniformities, and hence mitigates the seeding of hydrodynamic instabilities.   In
addition, the energy-deposition scale length in the ablator is much shorter for direct drive than for
indirect drive.  For laser beams impinging directly on the ablator, the scale length is determined
by electron thermal conduction; for indirect drive, the scale-length is set by the more deeply
penetrating x-rays.  However, by tailoring the post-shock entropy profile of the ablator, calculated
instabilities in direct-drive targets can be reduced to levels comparable to those seen in indirect-
drive targets, while still maintaining high gain.  The major experimental challenge now is to see
whether instabilities can actually be controlled to the level that is predicted to be needed for
achieving ignition and burn.

Obtaining optimal gain in direct-drive targets is anticipated to require a beam-pointing accuracy
that is greater than that for indirect drive.  Determining the pointing accuracy requirements, and
achieving them under IFE conditions where targets are rapidly injected into a chamber, is the
subject of ongoing research.

Assessment Analysis:  Progress toward understanding the issues that affect the gain in IFE target
designs was the metric used by the Panel in assessing the target physics work.  Noteworthy
accomplishments are:  (1) the much improved understanding of the trade-offs (among drive
symmetry, beam spot size, and capsule hydrodynamic stability) in the design of high-gain, HI
indirect-drive targets; and (2) the discovery that instabilities in direct-drive targets can be
suppressed by thin, high-Z capsule coatings, as well as by tailoring the ablator’s post-shock
entropy profile, and hence its density profile.

Finding:  The combined IFE plus ICF target physics research portfolio is appropriately diverse,
and the technical work is of very high quality.  Excellent progress involving one or more of the
key performance criteria – implosion symmetry, capsule stability, and high gain – continues to be
made on central hot-spot targets being designed for the various driver schemes.

3.1.3. Theory and Simulation

NNSA-funded efforts in ICF and IFE have developed a variety of computer codes to simulate the
performance of inertial fusion targets. These include the 3D radiation hydrodynamics codes
HYDRA (developed at LLNL) and FAST3D (developed at NRL), as well as a number of 1D and
2D codes. These codes have all of the physics packages needed to simulate a broad range of
problems in capsule design, and in hohlraum design for indirect drive. In addition, the
investments made by NNSA through its Advanced Strategic Computing Initiative (ASCI) have
markedly improved many of the computational tools, as well as dramatically increased the
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available computing power. Another important component of the success of simulation is a robust
program of validation of the codes against experiments performed at Nike, OMEGA, Z, and NIF.
As a consequence of these investments, simulation has become an important tool for target
design, leading to improvements in robustness and predicted yield.

There are a number of areas in which advances in simulation capability are needed by the IFE
program. Uncertainties in material properties such as opacities of high-Z materials and some
equations of state impose fundamental limitations on the a-priori accuracy of calculations of the
performance of targets designed for ignition and burn. There is an ongoing ICF research program
to reduce these uncertainties and to validate material models currently in simulation codes. (As an
example, the compressibility of hydrogen in the megabar range, based on several recent
experiments, is uncertain to 50%. This, in turn, leads to an uncertainty in the precise pulse shape
required for a low-entropy implosion.)  In addition, in some areas, improvements in simulation
capability are needed to obtain higher-fidelity computations.  These include modeling such
physical processes as laser-plasma instabilities and magnetohydrodynamic effects, as well as new
computational capabilities such as adaptive meshing and more accurate numerical modeling of
material interfaces.  These advances will increase the range of length scales that can be
represented in a single calculation.  Such algorithmic improvements are particularly important for
simulating the growth of interface instabilities, for which nonlinear multimode effects are
important.  All of the developments mentioned here will be of critical importance to the success
of the Fast Ignition concept, because of the higher energy densities, the broader range of scale
lengths, and the multidimensionality of the geometry.

The impact of the NNSA-funded simulation efforts on IFE research is quite substantial.  The
investments in code capabilities, material models, and experimental validation at ICF facilities all
are applicable to support the resolution of corresponding problems in IFE. Furthermore,
simulation is the bridge between IFE and HEDP science: simulation codes and models that are
bench-marked using IFE experiments can then be used to investigate the corresponding
phenomena in areas such as astrophysics, for which controlled experiments are not possible.
However, since many of the NNSA-developed codes are not widely available to university
researchers, theoretical collaboration with some IFE communities can be significantly limited.

Assessment Analysis:  The Panel’s metric for measuring the success of simulation in IFE target
design is the extent to which simulation is an integral tool to the target design process and
quantitative analysis of experiments. Such a successful use of simulation in science is difficult to
achieve, and consequently represents an outstanding accomplishment. Of particular note for laser
indirect drive targets, a variety of 1D, 2D, and 3D codes have been used to improve the design of
all aspects of the capsule, including the effect of the shape of the laser pulse, of the composition
of the ablator, and of the composition and thickness of the high-Z shell on the growth of
instabilities and therefore the overall gain.

Finding:  Simulation has a substantial impact on enhancing the performance and understanding
of existing and advanced target concepts.  The ICF and IFE programs have developed valuable
capabilities for driver-matter interactions, including an extensive validation program against
experiments performed at NIKE, Z, and OMEGA.  Nonetheless, new simulation capabilities are
needed, particularly in the areas of material models, laser-plasma interactions, and in the range
of scales that can be represented.  The IFE program would also benefit from developing an open-
source simulation capability in the area of capsule physics, particularly in connection with
HEDP.
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3.1.4. Target Fabrication

Credibility of the IFE program depends upon a viable fabrication plan for the large quantities of
targets (100,000 to 500,000 per day for a 1000-MW(e) plant, depending on the target yields being
considered) that will have to be made for a fraction of a dollar per target.  In recent decades, the
ICF program has developed and used a wide range of techniques to generate spherical, cylindrical
and planar laser and z-pinch targets in small numbers for room temperature as well as cryogenic
experiments.  Robust processes are being developed that are capable of producing large quantities
of stringently specified, but virtually identical targets and delivering them to the center of a target
chamber with high accuracy.  Significant IFE advances have been made in capsules, DT-fuel
filling and layering, hohlraum production, and target injection, with potential benefits also
accruing back to ICF target activities (see Section 5.2).

Processes needed for supplying targets for an IFE power plant have been identified, and the
critical issues are understood.   Figure 2 shows a potential target fabrication sequence for direct
drive (HAPL) and indirect drive (HI).  Capsules are fabricated, filled with DT and cooled to near
the DT triple point where a DT ice layer is formed. The layered capsules are loaded into a
hohlraum or a sabot, injected into the chamber, and tracked in flight to provide data for the final
beam steering.  The current status and future challenges associated with these target supply steps,
and extensions to Z-Pinch drivers and Fast Ignition, are briefly described in this Section.

Figure 2.  Likely target fabrication sequence for IFE targets.

By leveraging the ICF program technological base, IFE feasibility and proof-of-principle target
development efforts have made progress in several areas.  In the case of the HAPL targets (see
Appendix H), the feasibility of producing foam capsules of appropriate dimensions and density
on a batch production basis has been demonstrated.  Further work is needed to improve capsule
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quality, reproducibility and large-scale production.  Methods have been demonstrated to apply the
overcoat to the foams and apply a DT-permeable, IR-reflecting layer outside the target. Modeling
of the DT-fuel filling process has indicated that capsule filling systems can operate with
acceptably low (<1 kg) tritium inventories.   Other initial steps have been taken to address the
open questions concerning the feasibility of high-rep-rate fusion-target manufacture and injection
into a chamber, such as DT-ice-layer formation in foams; and layering of multiple targets in a
fluidized bed (using a surrogate fuel material at room temperature to simulate DT ice).  In the
case of HI targets, hohlraum production using advanced fabrication processes like those used for
micro- and nano-electronics component fabrication has been identified, and experiments to
demonstrate the use of laser chemical-vapor deposition as a means of producing low-density
metal foams are underway.

Each of the individual processes needed for ignition-target fabrication has been conceptualized or
demonstrated at some level, but neither direct-drive nor indirect-drive targets have yet been
fabricated that meet the stringent specifications needed to achieve ignition, even for single-shot
ICF.  Although the integration of these processes to produce the required targets has not yet been
demonstrated, there are no barriers known at this time that should prevent success.

Targets for Z-Pinches are also being investigated conceptually, and Fast-Ignition targets and
target production processes are being scoped for a range of compression drivers. The HAPL
program has built a target injection facility and used it to accelerate surrogate IFE direct-drive
targets to the proper velocity, and to demonstrate the concept of the separable sabot.  These tests
have been done both single-shot and in 3-shot bursts.  The facility could also be used to study
injection of HI and FI targets.   An upgrade for rep-rated use with cryogenic targets should be
completed in the future that eventually could accelerate mass-produced targets that meet fusion
power requirements.  These should be injected into a high temperature test chamber to
demonstrate survival and target tracking in the hostile environment during injection.  The target
will be shot with a low-energy pulsed laser beam in flight, all at full operating rates of about 6
Hz.  A suite of target characterization and in-flight diagnostics will be used to verify the
achievement of all aspects of the process.

Assessment Analysis: The metric used by the Panel to assess target fabrication efforts was the
progress toward understanding how to mass-produce cost-effective high-yield IFE targets and
how to deliver them, as needed, to a fusion chamber.  To this end, the individual processes
required for fabrication of laser- or HI-beam-driven targets have all been identified and studied
individually at some level.   Additionally, there are efforts to improve Z-Pinch- and FI-target-
fabrication concepts, which are in the early stages of development.  Very promising target
injection experiments are now underway at a new, versatile facility.  The Panel noted that there
has been substantive progress concerning each of the key fabrication and injection issues, and
moreover that no barriers to the eventual, successful integration of the relevant processes have
been identified.

Finding: Substantial progress in target fabrication has been made, by using a combination of
modeling and experiments with surrogate materials, as well as by leveraging the ICF program
knowledge base.  The work in this area has been of high quality.  Current-day targets do not meet
all ignition specifications, but concepts for producing practical IFE targets have been developed
and there is a plan to demonstrate these concepts.  However, many difficult questions have yet to
be addressed experimentally. The IFE program will benefit from continuing its emphasis on high-
rep-rate target production and target placement in the chamber, including near-term fabrication
of materials and targets for testing of physics codes and the development of long-term solutions
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for mass production.  The planned elimination of OFES funding for target fabrication is not
consistent with its importance to the HI-IFE program.

3.2.  Drivers

3.2.1.  Heavy-Ion (HI) Accelerator Drivers

Worldwide experience with high-energy accelerators has long supported the prospect that an HI-
accelerator driver for IFE can achieve the necessary efficiency, pulse-rate, and durability.  As a
result, the DOE has supported HI-fusion research since the late 1970s. Recent power-plant studies
and research in the US and Germany predict additional favorable HI-fusion characteristics
including efficient ion-target coupling, compatibility with indirect-drive targets and thick-liquid-
wall chambers, and the durability of focusing magnets.

The major near-term challenge for HI-fusion is to achieve the beam brightness on target required
for ignition and high gain, as described earlier in Section 3.1.1.  In the longer term, an
experimental target-matter interactions program will be needed that is comparable to those
presently underway for lasers and z-pinches.  The near-term goal of the HI program, in the area of
beam physics, is to determine the physics limits to intense HI-beam generation, acceleration,
transport, pulse-length compression, and focusing that most impact the utility of HI beams to
study high-energy-density physics (HEDP) and to drive IFE targets in the future.

This goal has been pursued in recent years by science campaigns (experiments, diagnostic
development, theory, and simulations) primarily in the areas of:
1. High-brightness beam transport, to determine the technical requirements for preserving high
brightness during transport of intense high-current ion beams,
2. Transverse focusing to millimeter spots, to develop a basic understanding of how beam-plasma
interactions can be used to optimize the focusing of intense ion beams, and
3. Extensive advanced theory and particle simulations, to model the physics in the experiments,
and to explore brightness degradation due to several non-ideal effects.

Research accomplishments in these areas are relevant not only to accelerators for HI fusion and
HI-driven HEDP, but also to high-energy particle accelerators, non-neutral plasma physics, the
physics of high-intensity particle beams, and particle-in-cell computer simulation development.
(See Section 5)

Highlights of Recent Progress.  (See details and references in Appendix F.)  At low (mA-scale)
beam currents, where beam-wall interactions are minimal, normalized beam emittance and
brightness were preserved in transport through 86 accelerator elements, consistent with computer
simulation predictions. Also at low current and low energy, ballistic focusing of a beam with 1/10
of the charge density of a reactor scale beam was demonstrated experimentally, and neutralizing
electrons from a hot filament reduced the focal spot size by an amount consistent with computer
simulations.  Furthermore, the measured brightness of high-current-density beamlets from an RF-
generated Argon plasma source exceeds the IFE brightness requirements.

In transport experiments with over 100-mA beams, the initial low beam emittance (0.5 π mm-mr
with envelope parameters within required tolerances) exhibited negligible growth over 10
accelerator units, again as computer simulations predicted.  Secondary electron production due to
grazing-incidence HI impact of accelerator walls was found to be consistent with other
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accelerator data in preliminary experiments.  Observations of large (1-2 cm) focal spots in
vacuum, due to the effect of high space charge, becoming ten times smaller (1.4 mm) with pre-
formed neutralizing plasma added to the transport chamber are in quantitative agreement with
computer simulations.

Primary Remaining Issues and Research Plans.  Experiments over the next three years (FY04-06,
assuming the FY2004 budget and no growth) will use the existing 0.4-to-2-MV beam injectors,
together with computer simulations, to address HI-beam losses induced by gas desorption and
secondary electrons under space-charge-dominated conditions (space charge potentials > 1 keV).
The ultimate goal of this work is to develop a predictive capability for beam loss scaling with
magnet-aperture fill factor, field errors, and wall conditions.  This research will be of broad
interest to the accelerator community.  Experiments supported by simulations will also address
how the parallel ion temperature increases during strong longitudinal bunch compression under
both un-neutralized, and beam-plasma-neutralized conditions.  The role of instabilities due to
transverse-longitudinal temperature anisotropy, and beam-plasma two-stream instabilities will
also be investigated.

Over the next five years (FY04-08), 0.4-to-2-MV experiments and simulations will be carried out
to give a predictive capability for focal-spot-size growth due to emittance growth from residual
electric fields in target chamber plasma, from longitudinal beam temperature, and due to
aberrations in the final focusing magnets.  Over that same time frame, beam experiments at 2 to 5
MeV, together with modeling, will evaluate the uniformity with which isochoric heating can be
achieved in thin targets.  These tests will use short-duration, tailored-current-profile HI pulses to
optimize energy deposition for both HEDP and IFE applications. Over the next ten years,
experiments intended to fully test integrated beam physics models will be needed.  Ultimately,
multiple-beam experiments at energies up to 200 MeV will test the characteristics (pulse shaping,
focusing, target shimming, etc.) predicted to be optimum for HI-IFE by integrated computer
simulations together with hohlraum experiments on Z, NIF and possibly OMEGA.  Relevant
experiments on these facilities are possible today or in the near future.

3.2.2.  Krypton-Fluoride (KrF) Laser Drivers

The decision to pursue KrF lasers as a fusion-energy driver was based on several attributes born
out by experience with the NRL Nike facility.  (Nike has been routinely used for laser target
experiments in support of the NNSA mission since its completion in 1996.)  KrF lasers have the
short wavelength and demonstrated high beam uniformity for optimum laser-target physics, the
brightness to achieve the required intensity on target, the ability to readily adjust spot size to
follow the imploding capsule, a modular architecture for lower development costs, and a pulsed-
power-based industrial technology that scales to an IFE-power-plant-sized system.

KrF lasers for IFE applications are pumped by counter injecting two electron beams into a laser
cell filled with a mixture of krypton, fluorine, and argon.  The laser-gas pressure (1 to 2 atm) and
the electron-beam parameters (500 – 700 keV, 100 - 500 kA, and 200 - 400 ns) are adjusted to
achieve uniform energy deposition across the cell, consistent with efficient laser operation.  The
laser gas, at around one atmosphere, is isolated from the electron-beam diode, immersed in
vacuum, by a foil, which is supported by a structure known as a “hibachi”.  The laser beam
propagates perpendicular to the electron beam direction.  A recirculator flows the laser gas along
the third axis to cool and quiet the lasing medium.

For the IFE application, the laser system must meet the fusion energy requirements for repetition
rate (5 Hz), efficiency (> 7%), durability (> 3 x 108 shots, or two years at 5 Hz) and cost (< $400



March 29, 2004

24

per Joule).  These numbers come from power plant studies, and assume the target gain is at least
120. (Current target designs have gains at 150 or more.) The goal of the NRL Electra Laser is to
develop the science and technology required to meet these requirements.  Electra was started in
1999 and is funded by NNSA as part of the Congressionally mandated HAPL program.  In
addition, the HAPL program is developing final optics that are robust at high laser power and can
survive target radiation and debris for the long lifetimes needed for IFE.

Highlights of Recent Progress.   The Electra laser produces over 650 J of laser light in short
repetitive bursts and uses technologies that can scale to a full-size system (See Appendix G).
The requirements for repetition rate and the cost of the pulsed power component of the laser (<
$10/Joule) have been met, and overall efficiencies of about 7.4% have been projected based on
experiments and modeling of the individual components.   The ability to project such a favorable
efficiency, which meets the requirement, is based on four advances:  1) Identification and
stabilization of the “transit time instability” that previously plagued large-area electron-beam
diodes.  This was accomplished through experiments, theory, and 3D particle-in-cell computer
simulations.  2) Development of an advanced diode/hibachi geometry that configures the electron
beam to miss the hibachi ribs.  These two advances increased the electron deposition efficiency
into the laser gas from 35-40% to over 75%. More than 80% is predicted for a fusion scale
system.  3) Operation as a KrF oscillator, which leads to a projected intrinsic efficiency for an
amplifier of greater than 12%.  4) Development of an all-new, solid-state laser-triggered switch,
which will be the basis for an ultra fast, efficient pulsed-power system [7].   This pulsed-power
system is all solid-state, and therefore is expected to meet the IFE cost and durability
requirements.

Primary Remaining Issues and Research Plans. The main outstanding challenge is to develop
long-lived hibachi foils. A less challenging, but important issue is the development of long-lived
amplifier windows.  For the next two years the research campaign will concentrate on these two
durability issues and a better understanding of the KrF physics.   Foil development requires a
coordinated research and development effort in materials, cathode physics, electron-beam
transport, and thermal management.   Preliminary experiments show the foil can be cooled by
periodically deflecting the laser gas, but this needs further work.   Window development requires
high transmission fluorine resistant coatings that can survive the hostile environment of the cell.
One promising candidate is already undergoing initial tests.  KrF physics understanding is being
carried out with a new KrF Physics Code called “Orestes” [8].  Orestes includes electron
deposition, plasma chemistry, laser transport and amplified spontaneous emission (ASE).
Deposition and laser transport are treated in 1D, whereas the ASE is modeled in 3D. The code
follows over 22 species in at least 130 reactions.   The code accurately predicts the behavior of
several different KrF systems over a wide range of conditions, but needs further validation before
it can be used to design the next generation system, which can cost $100M or more.  This
validation will be accomplished with experiments on the two amplifiers in Nike and Electra.

The next step, which is intended to start in 2-3 years, is to build a full-scale (50 kJ) beam line.
The beam line will consist of eight identical e-beam systems, each about ten times the size of
Electra. A fusion power plant is envisioned to have about 50-60 of these beam lines. The beam
line will allow resolution of the science and technology issues that need a full-sized system to be
properly addressed. This step is predicated on success with Electra, as well as commensurate
advances in the other components needed for Laser IFE, including target physics, target
fabrication, target injection, final optics, and chamber development.
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3.2.3.  Diode-Pumped Solid-State Laser (DPSSL) Driver

Solid-state lasers have many applications in science, national security, and manufacturing.  For
IFE, however, several performance demands are unique, and require a directed R&D program to
achieve the goals for fusion as outlined above in the KrF section. The Mercury Laser research and
development program, part of the HAPL Program funded by the NNSA, is intended to carry out
proof-of-principal steps along the development path to meet these goals.  Much of the science and
technology foundation for the Mercury system is based on advances made in the ICF program in
the early 1990’s.

Highlights of Recent Progress.  The Mercury laser program (see Appendix H) has activated and
operated one of two amplifier heads.  In operation at the fundamental wavelength of 1053 nm,
Mercury has achieved 34 J in a 15 ns single-shot, and 23 J at 5 Hz for 104 shots.   The efficiency
was 4% in a 5-times diffraction-limited beam.  In order to reach this point, it was necessary to
develop special diode arrays, an inexpensive mass-producible silicon heatsink (which
subsequently became the subject of a technology-transfer action), a new bandwidth-enhanced
front-end for the laser (developed with LLE University of Rochester), and the first thermally
compensated high-power Pockels cell.

The Mercury Laser DPSSL Program achievements are characterized by scientific investigation
followed with technology demonstration.  For example, the decision to use the Yb:S-FAP gain
medium required an understanding of the Sr5 (PO4)3F (S-FAP) materials science issues including
the chemical compositions and lattice structures that characterize transitions in the phase diagram.
The compositions and structures of defects led to an appreciation of the instabilities that exist at
the melt-solid interface during crystal growth.  Eventually, laser medium crystals exceeding
requirements were grown using an off-stoichiometry melt, reduced YbF3 dopant, and highly
conditioned power to stabilize the melt-solid interface.

The development of a scalable optical architecture of the system is another highlight of the
research.  Detailed models were developed by accounting for the quasi-three-level character of
the Yb3+ laser ion, pump bleaching, and gain; by linking to ray-trace models of the diode pump
light delivery via a hollow lens duct; and by coupling a nonlinear model of laser beam
propagation.  This work led to the development of a new laser architecture that is more robust
against nonlinear ripple growth and damage than previous systems.

Another notable multidisciplinary achievement was the development of the helium gas-cooled
amplifier.  Aerodynamics, heat removal, and stress-optic calculations were combined to design
the first high-speed (Mach ~ 0.1) gas-cooled laser slabs.  This achievement eventually led to the
successful demonstration of the 7-slab (34-J) amplifier.

Primary Remaining Issues and Research Plans.  The goals for the Mercury Laser are 10 Hz, 100 J
3-ns pulse, and 10% efficiency.  The efficiency goal is for unconverted (1053 nm) unsmoothed
light.  When the frequency is tripled, the beams are smoothed for IFE, and other practical matters
are taken into account, the efficiency is predicted to be around 7%.   Significant research and
development effort will be devoted in the near-term to implementing the front-end operation with
spectral – temporal – spatial tailoring; activation of the second amplifier head with 7 more laser
slabs, improved damage resistance for several optics in the system (including the final optics
research described below), and implementation of a faster and more extensive control system to
rapidly detect optical damage and diode-tile failure.  The major scientific issue that demands
fundamental understanding is that of optical damage, including the field enhancements arising
from surface cracks of different morphologies.  It is also important to note that much of the
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Mercury research is directly related to the development of high-average-power short-pulse lasers
needed for the Fast Ignition concept.

After the 100-J system is functioning at the fundamental frequency, the engineering science effort
will focus on designing and implementing a high-average-power frequency-conversion module to
yield 351-nm light.

The successor to the Mercury Laser is envisioned as a 4-kJ aperture system.  A pressing issue that
must be addressed is the management of amplified spontaneous emission (ASE) and stimulated
Raman scattering (SRS), which must be modeled in great detail and then experimentally verified
at the appropriate scale.  Furthermore, larger laser slabs (20 x 30 cm2 compared to 4 x 6 cm2

currently) must be fabricated.  Several avenues are being investigated including “flat interface
growth” to alter the convection currents in the melt, and water-glue bonding which entails
identifying a chemically compatible adhesive.  Cost is an issue, so a commercial source of low-
cost diode arrays must be established.

Final Optics.  A HAPL program on final optics for both KrF and DPSSL lasers has begun testing
a design concept based on grazing incidence metal mirrors. The radiation and laser-induced
threats have been characterized, and facilities for sub-scale components have been assembled to
measure laser, x-ray and ion damage. The mirrors have a reflective coating (such as aluminum)
bonded to a neutron-damage-resistant substrate (such as silicon carbide). The research has shown
that this type of mirror has high reflectivity (>99% has been measured), and high durability
(>80% above anticipated laser fluence at prototypical wavelengths and for 105 shots).  However,
the durability must be confirmed in large-scale samples, and eventually, with shot lifetimes
required for IFE.  The material microstructure and bonding of the reflective coating has been
studied in order to improve damage resistance. The damage threat has been modeled for ions and
x-rays.  Initial x-ray testing has demonstrated single-shot survival and higher shot counts are now
being obtained.

3.2.4.  Z-Pinch Drivers

A Z-Pinch IFE program was initiated in 1999 following the successes on the Z facility at Sandia,
which demonstrated outstanding overall efficiency (15% of the stored electrical energy converted
into x-rays).  One purpose of the program was to investigate ways to increase the repetition rate
of this x-ray source for indirect-drive IFE.  The concept of a recyclable transmission line (RTL)
was developed to address the principal issue of physically connecting a repetitive pulsed-power
driver to a fusion target.  In contrast to the Z facility where a massive (8000 kg) transmission line
must be removed and cleaned between experiments, in the RTL concept the transmission line is
designed to be a low-mass (50 kg) structure that is destroyed along with the target on each shot.
By making the RTL from the chamber coolant or from a material that is easily separable from the
coolant materials, the RTL materials can be continually recycled to manufacture new RTLs.  The
continuous on-site manufacturing of the RTLs with the recycled materials means that only a small
inventory of transmission lines would be needed.  With relatively high per-pulse yields of about 3
GJ, the rep-rate per chamber can be relatively slow (about 0.1 Hz), for a 1-GW(e) power plant.
Such a plant would have 8 to 10 chambers with a common RTL and target factory.  The RTL
concept eliminates the problems of final optics, high-speed target injection, and accurately
pointing many beams at a fast moving target.  Since it is a relatively new approach, the Z-Pinch
IFE program is in the concept development phase of determining if it is feasible and potentially
economically attractive for energy production.
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The primary research activities have been the following:
1. RTL science, including initial electron flow, power flow uniformity, minimum mass,

electrical conductivity, and structural properties, etc., has been investigated in order to
determine the basic feasibility of the RTL concept;

2. Repetitive pulsed power concepts have been studied to determine the most appropriate
repetitive pulsed-power technology for energy;

3. High-yield target studies have been carried out for yields of ∼ 3 GJ; and
4. Conceptual Z-Pinch IFE power plant studies have investigated thick liquid-wall chambers,

RTL/target manufacturing feasibility and cost, RTL operational cycle with vacuum and
electrical connections, activation analysis, waste stream analysis, etc.

It is noteworthy that in the last two years, ICF implosion experiments using the Z machine
radiation drive have coupled nearly 40 kJ of x-ray energy to a capsule and achieved the first
fusion neutrons (~8 x 1010 D-D neutrons, an order of magnitude higher than has been produced
from any other inertial fusion facility) from a z-pinch driven capsule implosion.  These
experiments have been well modeled, giving further impetus to the Z-Pinch IFE program.

These initial IFE studies were supported by internal (LDRD) funds at SNL.  In FY04, a larger
program within NNSA is being started, supported by a Congressional initiative of $4M.

Highlights of Recent Progress.  (See Appendices I and J for more details and references.)
Transmission-line electrical-power-flow-uniformity experiments carried out at the 10-MA level
on Saturn showed that the electron flow in RTL candidate material coatings of tin, Al, and
stainless steel all initiated rapidly when subjected to high electric gradients such as those that
would occur in an RTL in a power plant.  RTL masses of 50 kg would have very low electrical
losses (∼ 10%).  Structural analysis shows that a full-scale RTL of mass 50 kg would survive
(without buckling) in a chamber background pressure of 10-20 Torr.  Manufacturing studies show
a ferritic steel RTL cost of about $3.60 each (including capital costs) at the 90% confidence level
(which is consistent with the allowed RTL budget assuming 3 GJ yields).

Target studies for 3-GJ yields from the two leading Z-Pinch target-driver configurations (double-
ended z-pinch and dynamic hohlraum) require 30-36 MJ of x-ray drive (gains of 80-100), so that
both target concepts are contenders for Z-Pinch IFE.

An initial (not optimized) power-plant study was completed for a 1-GW(e) Z-Pinch power plant.
The study included a low-activation ferritic steel RTL, the complete recycle operation for these
RTLs, vacuum and electrical connections, thick liquid (Flibe) walls, and automation of the RTL
process.

Primary Remaining Issues and Research Plans.  At this early stage in development, the key issue
is still feasibility of the RTL concept.  Questions of RTL shape, inductance, material (frozen
coolant or easily separable material), mass, electrical characteristics, structural characteristics,
manufacturing, recycling, activation, and cost must still be addressed.  The primary pulsed-power
science issue is the physics of power flow in a high-power-density transmission line.  The power-
flow limits and the optimal RTL configuration for power flow (coax, triax, convolute, etc.) must
be explored.  Chamber interface issues, including electrical/vacuum connections, sensitivity to
post-shot electromagnetic-pulse/plasma/debris flow up the RTL, and shielding of sensitive power
flow feed parts must be examined. Proof-of-principle-scale RTLs for the 1-MA level need to be
designed, built and tested.  Design, cost, and scheduling of an RTL demonstration on Z needs to
be done.  RTLs would be of benefit to Z and NNSA by reducing the time required between shots
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on the facility.  A baseline 60-MA RTL design will be developed to serve as a focus for the
continuing development studies.

Possible approaches for the pulsed power to drive the RTLs must be assessed, including Marx
generator/water line technology, magnetic switching technology, and LTD (Linear Transformer
Driver) technology.  A study of long-lifetime repetitive switches will also be necessary.  Plans
also include the design, construction, and testing of a 1-MA, 1-MV, 100-ns, 0.1-Hz repetitive
driver as a proof-of-principle-scale driver.

Since a 3-GJ yield is larger than typical yields for other IFE concepts, shock mitigation with thick
liquid wall coolant streams is an issue that needs to be studied.  Scaled shock experiments with
explosives and water (or other liquid) flows can be used to address this issue. Codes that are
benchmarked against these experiments can then be used to model full-scale reactors.

Longer term issues are largely related to optimization, including the optimum high-yield target
for the double-ended z-pinch and dynamic-hohlraum configurations and the necessary power-
flow geometry for each, the optimum repetition rate, and the development of a practical RTL
insertion process at ~ 0.1-Hz rep-rate.  All of the parts must, of course, fit together in a viable
power-plant configuration, including a survivable chamber, RTL/target production, robotic
operation, recycling of materials, heat cycle optimization, etc.  Therefore, a complete proof-of-
principle system to demonstrate RTL/z-pinch insertion, vacuum/electrical connections to the
primary pulsed-power system, firing of the z-pinch, and removal of the remnants, must be
designed, built and tested at ~ 0.1 Hz as a precursor to design and construction of larger test
facilities.

Comment on Drivers:  The OFES-funded HI program concentrates on the scientific
understanding needed to accelerate and focus the HI beams needed for IFE target compression.
The NNSA-funded KrF and DPSSL HAPL program leverages heavily on the NNSA scientific
program for laser-driven ICF, and emphasizes the technical development of efficient, durable,
high-rep-rate laser drivers for IFE application. The NNSA-funded Z-Pinch-IFE program
leverages off the NNSA-funded Z-Pinch ICF program and has concentrated on concept
development of technology permitting a 0.1-Hz repetition rate with the recyclable transmission
lines needed for IFE application.

Assessment Analysis:  In assessing the quality and appropriateness of the work done on the HI
and HAPL drivers, the Panel made primary use of the research goals to be achieved in 5 years, as
set down by the community and endorsed by FESAC [4].  The Panel was particularly impressed
with the following examples of progress. For the HI program: the key science objectives were (i)
to carry out validating single-beam, high-current experiments at 10-times-higher line-charge
density and, (ii) to perform focusing and chamber transport experiments at intermediate scale.
The HI program has met these objectives, with successful experiments carried out at the 100-mA
beam level and very successful demonstration of plasma neutralization assisted focusing.  For the
laser drivers: the key technical and scientific objectives were to achieve (i) an energy of several
hundred joules in a laser architecture scalable to 2 MJ at a cost of ≤ $500/J; (ii) wall-plug
efficiency of 6-10% at a repetition rate of 5 Hz; (iii) reliability of 105 to 108  shots between
maintenance cycles; and (iv) irradiation uniformity of ≤ 0.3%. The HAPL KrF program has made
very good progress in reaching most of these goals.  The following have been achieved but not
yet simultaneously: Energy greater than 650J/pulse at repetition rates of 1 Hz and 5Hz, beam
uniformity of 0.2 – 0.3% single shot, and efficiency greater than 7% (predicted from advances in
the principal individual components). Only the reliability (owing to the hibachi foil lifetime)
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remains significantly below (factor of 100) the 1999 objectives level. The HAPL Mercury Laser
DPSSL program has also made very good progress by achieving simultaneously 4% efficiency (at
the 1053 nm fundamental) at 23 Joules and 5 Hz for 104 shots. Producing the necessary beam
uniformity at 100 J and 7% efficiency (at 351 nm) on target have yet to be achieved.

Since the outstanding progress in z-pinch x-ray generation was just beginning to be reported in
1999, there was no comparable set of goals established by FESAC for the Z-Pinch driver.
Therefore, the Panel based its assessment of quality and appropriateness of research on the
achievement of x-ray power and energy levels from the Z machine to the level needed to carry
out ICF compression experiments, the extensive list of recent conference and peer reviewed
publications, and the substantial progress reported to us on the concept development of the
recyclable transmission line necessary for IFE application of the Z-Pinch driver.

Finding: The three main approaches (HI accelerators, HAPL, and Z-pinch) are at different levels
of maturity.  The balance between the science and technology emphasis necessarily varies.  The
recent progress related to these approaches is substantial and the quality of the science and
engineering research is excellent.  All approaches are currently on track for developing the
science and technology to properly evaluate their potential for IFE.

3.3.  Fast Ignition

The Fast Ignition (FI) concept employs two drivers -- one for compression, which can in principle
be any of the four types described in Section 3.2 (KrF and solid state lasers, HI accelerators, and
Z-Pinches), and one to ignite a portion of the compressed fuel.  The igniter laser must meet
challenging requirements including high brightness (1019- 1020 W/cm2) at high energy (~10-100
kJ), a short pulse (~10-20 ps), and small spot size (~20-40 µm).  Solid-state petawatt lasers that
employ the Chirped Pulse Amplification (CPA) technique are today the most advanced drivers
for FI but a KrF laser using transient Raman scattering is also viable.

Fast Ignition potentially offers several attractive features: higher gain, lower driver energy, and
more compression-driver flexibility.  Without a hot spot, more fuel can be efficiently compressed
to the required areal density, ρR, where ρ is the fuel density and R is the fuel radius.  Most
assessments of the gains achievable with FI assume that the fuel has been compressed to a
uniform-density sphere. The main requirement -- and challenge -- for FI is to deliver the ignition
energy to the compressed fuel.  Petawatt laser energy is nominally deposited in the coronal
plasma surrounding the compressed fuel at (or below) the critical plasma density, which is ~10–5

of the compressed fuel density ρ.  The igniter-laser-beam energy deposition results in a
relativistic electron beam.  Ignition depends on the successful propagation of that electron beam
to the fuel and the effective heating of a small portion of that fuel.

The most developed FI scheme involves the so-called “cone focus” target shown in Figure 1g.  In
this concept a cone is inserted into a fuel capsule with its tip positioned near where the fuel layer
will be at the end of the compression.  The cone is made of dense high-Z material to minimize
wall motion during the ~10 ns fuel compression.  At present both indirect and direct-drive
approaches utilize this cone design, although the more limited intervening plasmas associated
with direct drive may allow other coronal “plasma clearing “ techniques such as laser channeling.
The cone may provide additional benefits by focusing the igniter beam energy, as indicated in
recent experiments in Japan (Appendix K).
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Highlights of Recent Progress.  Numerous experiments have shown energy-conversion
efficiencies of ~40% from a petawatt-laser beam into relativistic electrons at relevant plasma
conditions for FI.  Transport experiments have highlighted the importance of background plasma
conditions as well as identifying and exploiting high-energy ions.  Fuel assembly experiments
done primarily in the US with cone and hemispherical targets utilizing both indirect and direct
drive have achieved core densities of ~20-30 g/cm3 and are well modeled by hydro codes.

The most impressive FI experiments have been performed at the GEKKO facility in Japan (see
Appendix K).  With a 9-beam cone-focus direct-drive implosion using ~2.4 kJ of 532 nm light
and a one-beam “igniter“ laser with ~300 joules at 1053 nm in a ~0.5-ps pulse, the experiments
showed a three-order-of-magnitude increase in neutron yield (to ~107) compared to the 2.4-kJ
implosion alone (at ~104).  A self-consistent increase in ion temperature from 150 eV to 800-1000
eV was also observed.  These increases occurred only when the igniter pulse was timed to arrive
at the time of peak compression.  Although conditions achieved in these experiments are far
removed from the regime in which ignition and gain would occur, their success has generated
optimism for the prospects for FI.

Primary Remaining Issues and Research Plans.  Efficient transport of the relativistic electrons
through the plasma corona surrounding the imploded shell and into the high-density fuel is the
key scientific issue of the FI concept, and it is a topic of much current research.  The giga-amp
energetic-electron currents must be largely neutralized by a return current that is composed of
relatively cold, highly collisional electrons in order for the relativistic-electron energy to be
efficiently transported through the coronal plasma and into the dense core.  A wide range of
plasma collective phenomena is predicted to occur that could inhibit the energy flow into the
core.  Experiments and theoretical analyses have shown that the background plasma conditions
have a major impact on the transport properties of the high-energy electrons.  FI experiments that
study energy transport must therefore involve plasmas that mimic the conditions found in an
imploded DT target.  This represents a significant experimental challenge.  There also are
substantial computational challenges; these include relativistic laser-plasma coupling and self-
consistent, high-energy electron transport with neutralization by cold, collisional electrons, all in
three spatial dimensions.  New computational methods are being developed to tackle these
problems.

The relative ease of transport of energetic ions through the low-density plasma surrounding dense
fuel, plus the ability to focus these ions have recently motivated FI concepts that employ ions.
Limited experiments to date have shown maximum efficiencies of converting the laser energy to
energetic ions of only ~10%, but laser-produced ions have already been used for isochoric
heating of plasmas to temperatures of order 60-70 eV [9,10].  Much of the research in the
generation and applications of petawatt laser produced ions has been funded by an OFES
innovative concepts initiative.  This new research topic also has attracted significant interest for
its other possible applications, such as radiography, compact accelerators, and novel ion sources.

While there has been substantial progress in FI target design, there is as yet no self-consistent 2D
implosion for a cone-focus target that achieves the ideal final state of a uniform density sphere.
The limited number of experiments that do not use a cone have not been encouraging.

Research over the next several years will need to focus on the issues of fuel assembly and energy
transport at relevant conditions.  Modeling of both direct and indirect drive implosions that
achieve nearly uniform density core conditions -- validated by experiments on facilities such as
OMEGA, Z, NIF, and GEKKO -- is critical.  For instance, hemispherical capsule implosions have
already been radiographed on Z, in preparation for future FI physics experiments.  Integrated



March 29, 2004

31

experiments that, if successful, would be “proof of principle” of the FI concept, should soon be
possible.  If such experiments show great promise, up to 20 beams of NIF could be configured for
short pulse operation for a demonstration of Fast Ignition.

Assessment Analysis:  FI is an exploratory concept that was funded (at a low level) by the IFE
program subsequent to the FESAC report [4] where key 5-year goals for the IFE program were
established. As noted above, the promise of FI lies in higher gain and/or lower driver energy for
IFE, so quality can be assessed by noting progress in establishing the physics basis to realize that
potential.  Of particular note was the recent demonstration of increased neutron yield achieved
with a 300 Joule FI laser pulse onto a 2.4-kJ 9-beam implosion target plasma in the GEKKO
facility. In addition, experiments have shown 40% conversion of petawatt-laser energy into
relativistic-electron-beam energy.  Well-diagnosed cone-implosion experiments achieved 20 to 30
g/cm3 compressed core densities.

Finding: Each of the approaches to IFE may benefit if the technique of Fast Ignition proves
effective. Recent experiments on the GEKKO laser in Japan have offered very encouraging
indications that efficient igniter-beam energy transport to and heating of a compressed core are
being observed.  However, since FI is at an early stage of development it would be premature for
any of the IFE approaches to rely on the success of FI to achieve an attractive fusion energy
system.   During the next several years, there is an opportunity to assess the potential of the FI
concept utilizing facilities in both Japan and the US (OMEGA, Z, and possibly NIF) through
modest OFES investments.

3.4.  Chambers and Integrated Concept Studies

3.4.1.  Chamber Science and Engineering

IFE targets emit neutrons, ions, x-rays and gamma rays.  Following each inertial fusion target
explosion, particles and radiation propagate into the surrounding medium, interact with materials
in various states of matter, and finally are converted into heat and, in the case of breeding
blankets, fuel to supply further fusion reactions.  Depending on the chamber design, the target
emissions may interact with solids, liquids, gases and/or plasmas.  Chamber science and
engineering research in the US explores these basic interactions and attempts to solve key
questions related to chamber operability and survival.  This research has been carried out with
funding from NNSA and OFES.

Highlights of Recent Progress.   The HAPL program has adopted a reference chamber concept
based on solid first walls, e.g., tungsten armor on steel (see Appendix H).  The choice was based
on the inherent simplicity of the approach, and the fact that a solid wall is feasible with a direct-
drive target whose emissions are dominated by energetic ions and neutrons, and not prompt x-
rays.  (Only ~2% of the target output is in the form of high-energy x-rays.)  Progress has been
made on the detailed characterization of post-burn target emissions, energy transport through a
gas background and absorption in the surrounding armor.  Materials studies have been carried out
to better understand the prompt effects of pulsed ion deposition in first-wall armors, including
thermomechanical effects as well as ion implantation and transport.  Evolution of the chamber
environment following target explosions has been simulated numerically in order to establish the
ability to propagate targets and driver beams with a repetition rate consistent with economic
energy production.
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OFES-funded chamber research is currently focused on a chamber concept based on neutronically
thick liquid jets to handle the indirect-drive target emissions.  This chamber is consistent with the
needs of HI fusion and has the potential to simplify the fusion chamber material development
challenges.  Progress has been made in a range of technical disciplines, including thermal-
hydraulics of high Reynolds number jets, aerosol creation and transport, liquid response to high-
energy-density x-ray bursts and isochoric neutron heating, and transport of target debris into
background gases and magnetic fields.  A small fraction of the program has explored laser-IFE
issues such as mirror damage and laser propagation.

SNL internal funds have been used for initial studies of Z-Pinch chambers, including neutronics
studies, activation analysis, and initial analysis of the RTL breakup following the capsule
explosion.

Primary Remaining Issues and Research Plans.  The remaining key issues and R&D needs for
dry-wall and thick-liquid chambers are quite different.  For dry-wall chambers, long-term survival
of the chamber armor remains the most visible feasibility issue.  The HAPL program has
undertaken a series of experiments and modeling to understand materials responses at a
microscopic level and to develop damage-resistant armors using engineered microstructures.  The
experiments are performed on irradiation facilities (x-ray, ion, and laser) at several national labs
and universities.  “Chamber clearing” (how the chamber returns to a state that allows insertion of
a new target and delivery of the driver energy to the target) is an important issue for all IFE
approaches.  For solid-wall chambers, the HAPL program has developed a code that uses
compressible Navier-Stokes equations and an adaptive-mesh grid to model the post-shot behavior
in the chamber (Appendix H).  Predicting these dynamic interactions requires a detailed
understanding of hydrodynamics and radiation transport in the partially ionized afterglow plasma.
The modeling will continue, and experiments to test this modeling will use a recently completed
small rep-rated laser facility at UCSD.

For thick-liquid chambers needed for HI fusion, the dominant near-term issue is establishing the
basic flow configuration while meeting the requirements for neutron shielding and HI-beam
transport. Studying the formation and hydrodynamics of stationary and oscillating jets has been
the focus of the OFES chamber program over the past 5 years.  The results on shape control and
droplet formation are encouraging, and warrant a more integrated examination of the complete
flow geometry. The generation and transport of aerosols requires further study in order to
demonstrate successful propagation of targets and HI beams into the liquid pockets.  Rapid
absorption of x-rays in liquid surfaces can lead to intense non-equilibrium responses, such as
spinodal phase decomposition, with absorbed energy density as high as 1012 J/m3, well into the
HEDP regime.  Future progress on these issues is in jeopardy due to the planned closeout of IFE
chamber research funded by OFES.

Thick-liquid chambers are also under study for Z-Pinch IFE.  The key near-term issue is to
establish the basic flow configuration that will provide adequate shock mitigation to the structural
wall, given the higher fusion yield (3 GJ) per target being planned for this approach.

Assessment Analysis:  Much progress has occurred during the past five years in chamber
research.  A large number of refereed journal publications and presentations at international
conferences have occurred during this period.   This impressive list speaks clearly to the issue of
depth and quality of the research being carried out in this difficult area, which is at the
intersection of several traditional disciplines.    The Panel notes that all of the elements of a thick
liquid wall chamber have been explored both empirically and numerically.  Flow geometries
include stationary circular and sheet jets, oscillating sheet jets and vortex flows.  The flow
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formation and hydrodynamics have been demonstrated, including extensive research on flow
conditioning that is needed to maintain laminar conditions and avoid hydrodynamic sources of
droplet ejection.  Another topic of research that has progressed significantly is the understanding
of the mechanisms for aerosol production due to pulsed energy deposition.  These mechanisms
include isochoric heating, phase explosion, and shock-induced liquid fracture.

Finding:  The dynamic response of chambers following target explosions is a critical scientific
issue in determining the repetition rate and durability and hence the ultimate attractiveness of all
IFE concepts.  Important chamber issues requiring further work for their resolution include thick
liquid chamber dynamics and shock mitigation, aerosol generation and transport, armor
survival, and chamber clearing. The closeout of chamber R&D being planned by OFES is not
consistent with its importance to the HI-IFE program.

3.4.2.  Integrated Concept Studies

Integrated concept studies play an essential role in the IFE program by providing self-consistent
integrated design options based on the available database as well as technical requirements
needed for a viable fusion reactor.  The studies foster innovations that help move the science and
technology in directions that will meet the ultimate needs.  Through analysis and systems
integration, the output of concept studies is used to direct R&D towards the highest leverage and
most critical tasks.  New results from R&D programs are then fed back into concept studies in a
continuous cycle of improvement.  These studies are needed to identify not just the most effective
experiments that need to be conducted in the near term, but also the most cost-effective routes to
the evolution of the experimental, scientific and technological programs.

Design requirements are derived from the demands of the marketplace, including reliable plant
operation, tritium self-sufficiency, efficient energy conversion, minimal environmental impact,
and economic viability.  For example, the need for high thermal conversion efficiency drives the
design process for both liquid and solid chambers.  Examples of how this impacts R&D include:

1. Flibe coolant was chosen for the HI and Z-Pinch liquid chamber largely because it gives
reasonable energy efficiency, considering both pumping power and thermal constraints.

2. The operating temperature of dry-wall chamber armor determines damage mechanisms and
influences direct-drive target survival during injection into the hot chamber.

Highlights of Recent Progress.  A 3-year OFES-funded activity was recently concluded under the
umbrella of the ARIES concept studies team.  This research explored design windows for
chambers, including key driver and target interfaces.  Various combinations of target, driver and
chamber were explored in order to establish design windows and to identify key research needs.
This activity has been completed with no immediate plans for ongoing research.

Also within OFES, the Virtual National Laboratory for HI Fusion has recently published a
“robust point design” based on a multi-beam induction LINAC driver [11].  This point design
defines key technologies, nominal parameters and design requirements for a self-consistent
energy source based on HI indirect-drive targets and neutronically thick liquid-wall chambers.

Initial R&D needs for the High Average Power Laser program were defined largely based on
earlier studies, such as the Sombrero KrF Concept [12], ARIES [13], a DPSSL concept study
[14], and new target physics results [15].  The HAPL program has spent the last four years
experimentally evaluating the assumptions and parameters that went into these studies.
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Primary Remaining Issues and Research Plans.  New integrated concept studies become
appropriate when substantial new research results become available.  Both the HAPL and Z-Pinch
programs are poised to embark on such studies.  Based on results from the past 3 years of R&D,
the multi-institutional HAPL team will soon undertake a new concept study; the initial Z-Pinch
power plant study (ZP-3) [16] will be refined and improved during the coming years as a result of
new physics results.

Assessment Analysis:  One of the most important measures of the quality of power plant studies
is the impact that they have on the base program of R&D.  In the IFE program, as in the MFE
program, there are many recent cases in which integrated concept studies have affected R&D
programs.  As a noteworthy example, requirements on cyrogenic target survival emerged from
recent power plant studies.  In these studies, trade-offs between the minimum gas pressure
required to protect dry walls from ions and the maximum gas pressure allowed to avoid target
degradation (and hence, unreliable implosion) were clearly articulated.  These results
significantly affected research in the areas of target physics, target design and engineering, and
chamber armor.

Finding:  Integrated power plant studies play an important role in identifying critical issues and
in driving innovation in science, technology, and engineering for IFE. The planned elimination of
integrated studies is not consistent with their importance to the OFES HI-IFE program.
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4. KEY NEAR-TERM ISSUES

4.1.  Summary of IFE Issues

The primary issues currently facing the various elements of the IFE program were identified in
the previous section.  Now this section of the report summarizes and organizes these issues, and
then selects from them the most critical near-term feasibility issues.

Some preliminary comments are necessary to place in proper context both the scientific issues, as
requested in the charge letter, and the prevailing views of the IFE community concerning overall
program directions.  These comments provide the motivation for the way the summary material is
organized.

The IFE program is strongly guided by its ultimate goal of fusion energy.  The accomplishment
of this mission will require research in numerous science and engineering disciplines, as well as
integrated systems analysis.  The science research covers a rich variety of physical phenomena
including plasma physics (neutral and non-neutral plasmas), high-energy-density physics,
materials science, nuclear physics, and strongly non-linear hydrodynamics.  There is a similar
richness in the basic engineering science and technology research required for target fabrication,
driver development, and chamber design.  The prevailing view in the IFE community is that the
most efficient way to achieve its ultimate energy mission is for the required R&D in science and
engineering to be carried out in the context of an integrated system, always keeping the end
product and its explicit requirements in mind.  Consequently, although commercial fusion energy,
either MFE or IFE, is still decades away, it is this long-term view that guides the choice of
problems to be investigated in the near term – 10 years or less.  These near-term issues are the
basis of the research plans described in the previous section.

In this context, the three main approaches to IFE – HI, HAPL, and Z-Pinches -- must address
issues in the same three major component areas – targets, drivers, and chambers.  Below is a
brief, generic description of the overall issues that must be resolved for each of these components
within the context of a fusion system that is cost competitive and environmentally attractive.
Following this generic description is a more detailed discussion that focuses on the most critical
near-term issues, directly addressing the request in the charge letter.  These issues are organized
approach-by-approach, consistent with the need for a long-range integrated plan.

•  Target Issues: The overall goal is to produce a target design that has sufficient gain for
fusion energy, and that can also meet the requirements for the rates of fabrication and
injection into a hostile reaction-chamber environment. The near-term issues focus on
hydrodynamic instabilities, and symmetric and asymmetric implosion dynamics needed for
ignition and high gain. IFE target research has been primarily focused on symmetric
implosions although the relatively new and novel idea of Fast Ignition requires an asymmetric
implosion. The long-range issues involve the design, characterization, and cost-effective
manufacture of targets, and their injection or placement in the chamber.

•  Driver issues: The overall goal is to develop a driver that can meet the fusion energy
requirements for power focusing, efficiency, repetition rate, and durability.  These
requirements are, of course linked to the performance of the target. For example, the lower
the target gain, the higher the required driver efficiency.  Thus, the near-term research issues
are driver efficiency, power focusing, pulse shaping, overall target energy gain, and energy
absorption by the capsule. The long-term issues are durability and reliability at high-rep-rate,
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especially of the energy-delivery or focusing components that are exposed to the chamber
environment.

• Chamber Issues: The overall goal is to design a chamber that can meet the requirements for
wall durability, while allowing highly reliable target injection/placement, and efficient driver-
energy delivery to the target.  The near-term issues focus on radiation transport, rapid energy
deposition by neutrons, charged particles, and x-rays, on wall materials, shock stresses on the
walls, and understanding the post-pulse chamber environment and, for HI and HAPL, its
impact on beam focusing and propagation and on target injection.  The related long-term
issues involve the development of the survivability of first walls and high rep-rate capability,
while allowing the accurate and rapid injection/placement of targets into the chamber.  These
capabilities must also be consistent with efficient energy conversion, tritium production, and
environmental acceptability.

The near-term issues from the above list were examined to identify which ones appear to be the
most critical.  The critical issues of ignition and burn affect all of the approaches, but those
challenges are being addressed mainly by the ICF program.  For that reason, they are not
considered here as candidates for the single most important near-term issue facing each IFE
approach and the FI concept.  The remainder of this section describes these issues and how
progress therein can lead to substantial improvements in the long-range overall desirability of
IFE.

4.2.  Heavy-Ion Fusion

The key near-term challenge for HI fusion is the focusing of HI beams to a very small spot size
(~2 – 5 mm radius) and compressing the pulse length to a few nanoseconds.  This focusing and
compression must be accomplished at progressively higher intensity levels to ultimately meet the
requirements of a high-gain fusion target.

The solution to the problem requires substantial research in plasma physics. The electric space
charge of a non-neutralized ion beam tends to spread the beam out.  This effect can be mitigated
by introducing plasma into the beam path.  Smaller beam spot sizes are achieved, because the
plasma neutralizes the space charge, but at the expense of some growth in the beam temperature.
This temperature and any small spread in energies about the beam velocity will limit how small
the spot size and pulse duration can be made.

The near-term goal is to develop a sufficient understanding to identify techniques that minimize
the effects of space charge and temperature on beam spot size at the target.  This requires that the
beam dynamics be controlled with high precision along the entire beam trajectory through the
accelerator and target chamber.  A fundamental understanding of the collective processes and
nonlinear dynamics of intense, high-brightness, HI beams, and accelerator systems is essential to
progress.

The research plans for the next five years will make use of the existing 400-keV and 2-MeV ion-
beam facilities and existing particle-in-cell codes in the HI program.  The science campaigns
(experiments and simulations) will address key intense beam physics issues in high-brightness
beam transport, longitudinal bunch compression, and final focusing with plasma neutralization.
With some enhancements, these facilities and codes will also be sufficient for achieving a
successful outcome to the OFES/OMB 10-Year Measure for Inertial Fusion Energy (IFE) and
High Energy Density Physics.
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The most critical near-term issue facing HI fusion can thus be summarized as:

Physics limits to the maximum phase-space density of space-charge-dominated HI beams
and the resulting implications for HEDP and fusion ignition.

4.3.  Laser Fusion

For laser fusion the critical near-term goal is to demonstrate a path to achieving an overall energy
gain that is sufficient for practical fusion energy.  There are two key elements for achieving this
goal.  One is to produce a reliable, durable laser that can meet the IFE requirements for
efficiency.  This is the motivation for the KrF and DPSSL research in the HAPL program.  The
second element involves the design of higher gain targets that are readily fabricated in large
numbers. Much of this research is carried out under the auspices of the NNSA ICF program5.
Note that these two challenges are inextricably linked, in that capsule gain can be traded for laser
efficiency.

KrF lasers have very smooth beam profiles and a fundamental wavelength of 248 nm that is ideal
for coupling to a direct drive target.  The primary near-term challenge is to discover ways to
maintain the predicted efficiency and realize durable long-lived “hibachi” foils through which
electron beams are injected into the laser gas.  This will require research into electron-beam
generation, electron-beam physics, and the physics and chemistry of materials.  Furthermore,
these foils cannot be investigated in isolation but must be developed as part of a fully integrated
laser system.  Based on current R&D, which show KrF laser efficiencies predicted to be 7% or
greater, and target gain calculations exceeding 150, projected KrF-laser IFE efficiencies are
consistent with a viable power plant.

For DPSSLs the beam smoothing is not as effective as for KrF, and the fundamental wavelength
is 1053 nm.  As result, the frequency must be tripled for ICF/IFE applications, and beam
smoothing presents an important challenge.  The near-term challenge facing the DPSSL approach
involves discovering ways to meet the 7% efficiency requirement at the tripled frequency and to
improve beam smoothing at progressively higher energy levels. This will be done along with
specific research aimed at understanding damage resistance of key semiconductor optical
components.

Turning to targets, the most important near-term issue is Rayleigh-Taylor instabilities seeded by
non-uniformities in the laser deposition profile or in the target.  This hydrodynamic instability
must be suppressed sufficiently to allow the required high gains from the direct-drive target.

Recent innovations hold promise for mitigating the impact of hydrodynamic instabilities,
including using high-Z target coatings to reduce beam imprint, and tailoring the target’s post-
shock entropy profile.  Simulations and experiments indicate that a carefully designed laser pre-
pulse shapes the entropy profile and reduces the instability growth such that high gain is predicted
for direct-drive targets.

                                                  
5 This ICF-funded activity is mentioned here because target gain is of particular importance to the
HAPL approach.  The efficiency projected for lasers is lower than for HI or Z-Pinch, and
therefore higher target gains are required.
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In terms of immediate research plans, adequate resources and facilities are in place to address
these near-term issues.  The DPPSL and KrF laser programs have complete working facilities and
supporting theoretical programs, and anticipate that these issues will be resolved on these systems
within the next 2-3 years, given continued support of the NNSA/HAPL program. The target
issues, including fabrication challenges, will be addressed as part of the ICF program using 2D
and 3D codes and experiments on Nike, OMEGA and, when it becomes available, NIF.

Since the target issues are largely being addressed in the ICF program, the most critical near-term
issue facing the HAPL program is:

Durability of KrF lasers, and efficiency and beam smoothing in DPSSLs, that will scale
to the high-energy requirements for IFE.

4.4.  Z-Pinch Fusion

For the Z-Pinch, the critical near-term issue involves the need for a direct physical connection
between the pulsed-power supply and the Z-Pinch assembly “target” containing the fusion fuel
capsule.  This is in contrast to HI or HAPL where capsules are repetitively injected into the
chamber and illuminated by multiple driver beams, but without any physical contact between
driver and target.  The Z-Pinch concept addresses the “direct connection” problem by means of a
recyclable transmission line (RTL).  On each shot the RTL will be destroyed, but the RTL
materials will be collected and continually recycled.  A new RTL will be inserted for each shot,
with a repetition rate of about once every 10 seconds.  Achieving this capability will require the
resolution of both scientific and engineering issues.

The key scientific issues for Z-Pinch IFE are related to the power flow in the RTL. The Z
machine uses high-power-density transmission lines that work well at the 20-MA level.
However, IFE will require ∼60 MA or more. Understanding the fundamental limits to power flow
in the RTL is the main scientific concern as the currents are raised to IFE levels.  Therefore, RTL
research will be the focus in FY04 and for several years. The initial RTL experiments can be
designed with existing codes (e.g. the ALEGRA MHD code, the LSP hybrid code, and the
Quicksilver PIC code) and performed on the Saturn and Z facilities.

Thus, for the Z-Pinch approach to IFE the most important near-term issue is:

Physics limitations on power flow in a recyclable transmission line, including the
coupling to the pulsed-power driver and the integral target assembly.

4.5.  Fast Ignition

The most critical near-term goal for Fast Ignition is developing an approach to assembling a
compressed sphere of fuel of uniform density and then efficiently heating a small part of that
sphere under conditions that scale to ignition.  The method of achieving the ideal state of a
uniform-density sphere has not yet been found, even without the complexity of a cone imbedded
in the target.  A petawatt igniter laser beam will strongly interact with the plasma surrounding the
compressed fuel, and convert about 40% of its energy to a relativistic electron beam.  However,
the HEDP issues of the beam transport to the fuel and energy deposition in the fuel are not well
understood.
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In the next several years, research can be carried out on existing or planned facilities to address
critical feasibility issues for Fast Ignition.  Numerical codes to design targets for fuel assembly
exist. Codes to design and interpret energy transport experiments for the igniter-generated beam
are required although some aspects of the physics can be addressed today.  Plans for FI research
include using existing facilities such as OMEGA, Z, and GEKKO in Japan, and then using
FIREX1, OMEGA EP, and NIF in the future.  Multi-kilojoule petawatt lasers coupled to
implosion facilities should be available on OMEGA, Z, and GEKKO in the next 5 years. 

Thus, the most critical near-term issue facing the Fast Ignition concept is:

Physics of fuel compression to a uniform-density sphere and of energy transport by
relativistic electrons to that high-density fuel to achieve ignition.
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5.  POTENTIAL CONTRIBUTIONS TO HIGH-ENERGY-DENSITY PHYSICS AND
OTHER SCIENCE

The study of physical systems in which various combinations of high temperature, density, ionic
charge state, magnetic field, etc., result in pressures exceeding a megabar (equivalently, energy
densities exceeding about 1 eV/ angstrom3) is now commonly called high-energy-density physics
(HEDP).  As illustrated in Figure 3, high energy density situations arise in astrophysics and
planetary physics, as well as in inertial fusion science.  The conditions of interest to IFE range
from warm dense matter, to hot very dense plasmas, to extremely hot (even relativistic) plasmas.
A great variety of HEDP topics is being addressed at universities within the US and abroad.  The
National Research Council reports, “Frontiers in High Energy Density Physics – The X-Games of
Contemporary Science” and “Connecting Quarks with the Cosmos,” noted that the intellectual
challenges of HEDP stem from the interplay of non-linear, non-perturbative, and in some cases
relativistic, many-body phenomena.  The interested reader may refer to the first of these
documents for a more thorough discussion of many issues discussed below as well as other,
related topics.  The focus here is on the synergies of IFE/ICF research and HEDP, plus some
other applications of IFE science and technology.

Figure 3.  Some important high-energy-density regimes in the temperature-density plane.  Above
and to the right of the solid red line pressures exceed 1 Mbar; segments represent contributions
due to radiation (P~T4), ideal gases (P~nT), and degenerate electrons (P~n5/3).  The shaded region
indicates the large range of conditions encountered or expected in some aspect of IFE/ICF
research.  Small squares identify astrophysical conditions characteristic of the cores of the sun (S)
and Jupiter (J), and the surface of a neutron star (N).  Warm dense matter lies within the hatched
green area.
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The ongoing development of the physics basis for fusion ignition and burn has been a driving
force in a wide range of HEDP experiments.  Substantial progress has been made within the
NNSA-sponsored ICF program, but the need to achieve ignition, and then to achieve high gain in
IFE targets, is pushing the limits of understanding of HEDP phenomena.  An understanding of the
physics of warm dense matter is also important for science and technology developments in the
IFE and ICF programs and other aspects of the Stockpile Stewardship program, as well as
planetary science and astrophysics.  Thus there are natural synergies among topics in HEDP, in
warm dense matter physics, and in the ICF and IFE programs.

The development of rapid-shot-rate capabilities is a requirement for IFE.  As these capabilities
become available they could be used to enhance the accessibility of experimental facilities used to
study HEDP and warm dense matter regimes.  Existing major facilities that are in high demand
could be modified, or additional intermediate-sized facilities could be built that would enhance
availability to a broader range of users. This “shot-on-demand” could potentially meet any rate
that would be useful for research on such facilities, which would likely be less than several tens
of shots per day compared with the many per minute required for IFE.  This potential benefit to
HEDP and other areas of science is described further in the sections that follow.

5.1.  IFE Synergies with High-Energy-Density Physics and Astrophysics

There are numerous examples of HEDP phenomena being studied in the laboratory that also
occur on cosmic scales [17].  Hydrodynamic instabilities similar to those observed in ICF afflict
supernovae and have been modeled by similar numerical methods.  The study of radiation
transport in ICF-relevant regimes has resulted in improved understanding of radiative jets and
related astrophysical phenomena.  The need for better opacity data led to opacity experiments
with iron that have improved models of Cepheid variables.  The need for better equation-of-state
(EOS) data for hydrogen is leading to a wide body of research important for understanding the
interiors of large gaseous planets and objects outside of our solar system [18].  

High-energy petawatt lasers can potentially facilitate laboratory astrophysics experiments that
probe matter in the presence of intense, quasi-static magnetic fields (B) such as found in certain
white dwarf stars (B~108 Gauss), and in the crusts of some neutron stars (B~109 Gauss).
Spectroscopic and EOS data for this regime are needed to validate astrophysical models that will
be used to interpret data from present and future space observatories.

There are other astrophysical applications.  Fast Ignition calls for laser fluxes of order 1020

W/cm2, hence energy densities exceeding 104 eV/Angstrom3 and relativistic electron quiver
velocities, to create a multi-MeV electron beam that ignites the fuel.  Such laser fluxes would
open up new regimes of laser-plasma interaction that should have astrophysical relevance.  For
instance, it has been suggested [19] that the Weibel instability of such beams is also responsible
for the magnetic fields of relativistic collisionless shocks in gamma-ray bursters.  This
astrophysical instability has been studied with codes that were developed for laser-driven plasmas
[20].

The dynamic response of warm dense matter to several Mbar pressures, temperatures of several
hundred eV, and with controlled megagauss-magnetic-field conditions can be investigated using
the Z machine. As an example, recent studies have used lasers and the Z machine for accessing
warm dense matter regions of the phase diagram of hydrogen and its isotopes that are inaccessible
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with other facilities [21,22].  This type of research could be conducted in a more timely way if the
IFE-funded development of RTL technology for the Z machine and the HAPL technology are
successful in providing shot-on-demand capabilities.

HI beams have a potential role in HEDP EOS studies since calculations suggest that properly
tailored HI energy profiles produced in short pulses can heat solid targets with better than a few
percent uniformity.  If target thickness is short compared to the ion range, it is thought that short
HI pulses could deposit energy in solid targets at energies near the Bragg peak, heating them at
constant volume (isochoric heating).  These experiments would thus be valuable for determining
EOS properties of important materials along trajectories in pressure-temperature-density space
corresponding to warm dense matter.  This information is presently a critical need of the scientific
community and would have a broad impact across several scientific disciplines and programmatic
activities.

5.2.  IFE Synergies with the NNSA-funded ICF Program

DPSSL and KrF lasers could be used to perform dense plasma experiments in support of ICF
applications.  Data are needed from EOS experiments for optimizing shock timing in ICF
implosions, from studies of laser-plasma interactions, and from studies of plasma opacities, all of
which provide a foundation for validating advanced ASCI material models.  The improved
statistics that arise from a large number of experiments should prove valuable.  Such “shot-on-
demand” capabilities may also be extended to studies needing short-pulse, high-energy pulses
using either specially configured DPSSL or KrF lasers.  Examples of HEDP topics for these
capabilities include EOS [23], intense ion-beam generation and use [9,10], filamentation and
nonlinear Brillouin scattering [24,25] saturation mechanisms for parametric instabilities [26,27]
and many-body collisional effects in dense plasmas [28].

Near-term improvements in Electra potentially allow substantial advances in the energy and pulse
shaping capabilities of Nike, which could benefit the NNSA ICF program.  Because of the shot-
on-demand capability, HAPL can also contribute to the development and testing of higher photon
energy x-ray backlighting techniques that would be useful in ICF applications.   An attractive
feature of Mercury is that beam-plasma or ion-surface interaction experiments can be performed
with infrared, green or blue, as well as ultraviolet light, which would be useful to fundamental
studies of optical damage thresholds, testing of large area optical elements, and calibration of
experimental diagnostics.

IFE target fabrication research can benefit the NNSA ICF program.  Examples include: foam
capsules envisioned for IFE high-yield targets that are now beginning to be used at OMEGA; IFE
studies of DT material and thermal transport properties that are synergistic to an overall
understanding of DT-ice behavior (and tritium handling in target systems) important for ICF
targets; and IFE layering research with foam capsules that potentially has substantial impact on
NIF indirect drive cryogenic capsule development.  In the area of high-precision target
placement, IFE injection techniques could potentially be utilized on NIF to reduce the amount of
debris-producing material near the implosion.  Progress toward the central objective of IFE target
research – namely, producing low-cost targets with high-yield – may in the future lead to still
more developments useful to the ICF program, as well as in HEDP research.

Development of armor for solid wall IFE chambers could provide a means of protecting high
value components inside an ICF chamber of a high-yield facility such as NIF. Innovative energy-
absorbing materials tested in the HAPL program already have been evaluated for use on NIF as
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beam dumps or localized debris traps.  Methods of debris mitigation, such as magnetic deflection,
could be applied to diagnostics or other sensitive in-chamber components.

From a complementary perspective, there also are a variety of ways that the ICF scientific
program can continue to make major contribution to IFE efforts.  The baseline approach to
ignition on NIF is indirect drive.  Since the capsule physics, as well as the physics of x-ray
transport and energy balance within hohlraums, is largely independent of the source of x-rays, the
process of reaching ignition on NIF would yield much of the critical target physics base for HI
and Z-Pinch targets.  NIF can also address the critical ignition physics for direct-drive targets
essential for current laser IFE concepts when enhanced beam smoothing techniques are
implemented.  Valuable early results for direct-drive targets could be obtained with planar targets
using a subset of NIF beams and possibly by carrying out polar direct-drive experiments on NIF.
Following initial demonstration of ignition, there will be important experiments which can be
done on NIF to test such issues as the performance of targets that could be mass manufactured for
IFE applications.  Several workshops [29-34] have identified a variety of IFE related experiments
that could be carried out on NIF.  In addition to potential experiments on NIF, other NNSA
facilities also can be used to address important IFE target physics issues.  For example, symmetry
control techniques that are common between Z-Pinch targets and HI targets are now being studied
on Z.

The high-energy petawatt capabilities being implemented on Z, OMEGA, and NIF will be
essential for developing the physics of Fast Ignition.  If warranted NIF could be modified for a
Fast Ignition demonstration.

5.3.  Potential IFE Contributions to Other Scientific Disciplines

A wide variety of experimental studies of condensed matter under rapid loading is required for
developing ab initio theories of material response.  A major issue in condensed-matter physics
concerns development of complete equations of state to accurately describe material response.
This requires accurate information in high-pressure, high-temperatures regions, as well as high-
pressure, low-temperature regions.  Since many applications involve the transition of a solid from
one crystalline form to another in nanosecond or shorter times, it is also important to understand
the fundamental scientific issues involving the thermodynamic conditions and kinetics of how
these polymorphic transitions occur.

The development of Recyclable Transmission Lines (RTL) on the Z machine would allow
increased access that could potentially accelerate its use for condensed-matter physics studies,
including the recently developed technique on Z for producing isentropic compression
experiments that are unique in the high-pressure scientific community.  This capability produces
relatively cold states of matter to multi-Megabar pressures that far exceed the capabilities of any
other existing technique, such as diamond anvil cells and gas guns.  It has also proved useful in
high-pressure isentropic EOS studies [35], studies of radiation defects on dynamic material
response [36], and transformation kinetic studies of polymorphic phase transitions [35].

The development of more efficient pulsed-power sources through the IFE program (both Z-Pinch
and HAPL) is also allowing development of compact generators for a variety of applications.
Such systems have considerable commercial potential and a spin-off system from the Z machine
for materials studies is already being marketed.
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The HI-beam accelerators being studied for IFE applications are proving useful for exploring gas-
electron cloud effects caused by HI-beam losses in quadrupole transport channels in accelerators.
These effects are important in accelerators used for a variety of nuclear physics studies, such as
the structure of heavy nuclei and properties of rare isotopes produced when beam ions collide
with ions in dense plasmas [37].  HI research also provides opportunities to investigate
fundamental beam physics issues.  These include determination of: (1) technical requirements for
preserving high beam brightness during beam transport, (2) a basic understanding of beam-
plasma interactions for focusing beams, and (3) conditions for achieving longitudinal beam
compression.

The very high beam uniformity of KrF lasers should be attractive for a broad range of scientific
investigations including material science studies of large-scale thin-film optics coatings, and
evaluation of optically induced laser damage mechanisms over large surfaces.  Higher test rates
and less expensive targets, both of which should evolve through the HAPL program, will allow
fundamental discovery experiments for understanding basic physics and materials issues.  Many
aspects of the science and technology involved in the HAPL program are also applicable to the
emerging field of extreme UV lithography for next-generation semiconductors.  These aspects
include: efficient high average power pulsed lasers, low-cost mass-produced targets, precise high-
throughput target alignment, optimized laser-target coupling for efficient radiation production,
and mitigation of debris from expanding laser plasmas.

Finding. IFE capabilities have the potential for significantly contributing to HEDP and other
areas of science.  Isochoric heating of substantial volumes to uniform, elevated temperatures
should be achievable using HI beams. Investigations of the Fast Ignition concept can lead to
exploration of exotic HEDP regimes. Moreover, the rapid turn-around capabilities envisioned for
IFE drivers could accelerate progress in HEDP science by enabling a wide community of users
to conduct “shot-on-demand” experiments with data rates and volumes far exceeding those
obtained on large systems that currently require long times between shots.

Finding:    The NNSA-funded ICF program has the vital role of achieving ignition, and its
research on target physics offers tremendous leverage that allows the comparatively modest
funding for IFE-specific programs to continue to yield important advances. Carrying out a
coordinated IFE research program now will guide future experiments on OMEGA, Nike, Z, and
soon NIF, to develop the advanced target designs that not only meet the IFE physics requirements
of high gain, but also the IFE requirements for fabrication, injection, and recycling.

Finding:  IFE research directly benefits the NNSA mission.  A vigorous IFE research program
will continue to foster innovation that may lead to improved NNSA capabilities in targets (design,
fabrication, and characterization), driver performance, and chamber/optics components.
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Appendix A
Charge Letter

July 17, 2003

Professor Richard Hazeltine, Chair
Fusion Energy Sciences Advisory Committee
Institute for Fusion Studies
University of Texas at Austin
Austin, TX 78712

Dear Professor Hazeltine:

In response to the considerable scientific and technical progress in the Inertial Fusion
Energy (IFE) program during the past few years, I am requesting that FESAC carry out a
review of DOE’s IFE program to provide an assessment of the present status of the
program.  Due in part to Congressional action, IFE relevant programs reside in both the
Office of Science and in the Office of Defense Programs(DP) within NNSA, therefore,
this charge is somewhat broader than those normally submitted to FESAC.  Both SC and
DP support this review and concur that it be carried out by FESAC.

The inertial path to fusion energy has been pursued by the Office of Fusion Energy
Sciences (OFES) over the past 12 years.  OFES has mostly funded the heavy ion beam
driver and associated technologies component.  DP as part of its Inertial Confinement
Fusion (ICF) program, has funded high energy density physics facilities (including the
National Ignition Facility) and the “target physics” relevant to ICF.   The success of DP’s
ICF ignition program has always been viewed as a necessary precursor to the
demonstration of IFE.  Over the past four years, because of the strong DP laser program
and DP’s ICF efforts, Congress has added significant resources to the DP budget to
develop the high average power laser (HAPL) driver.  The DP program for the HAPL
driver and related technology will have a long-term impact on the future development of
IFE, and needs to be evaluated in the overall context of the Office of Science’s IFE
mission and program.

The specific topics to be addressed in this review are:

1. The current status of the scientific basis and related technology of each of the
approaches to IFE, including an assessment of the quality of work being carried
out in the programs.

2. Critical scientific issues identified in each of the approaches to IFE that would
contribute to understanding the long-range potential of IFE.

3. The impact that fast ignition as a concept improvement may have on IFE.
4. The potential contribution of the various IFE program elements to the emerging

field of High Energy Density Physics.
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2

The IFE approaches to be considered in this review are those involving heavy ion beam
drivers, laser drivers and the “Z” approach.  Because of the breadth of the requested
review, please use additional expertise outside of FESAC membership as required.

The Department is cognizant of the intense effort that FESAC has put forth during the
last year and appreciates the time and energy expended by the individual members of
both FESAC and its subcommittees.  I will look forward to the Committee’s report.

I would like to receive a final report by early 2004.

Sincerely,

      /s/

Raymond L. Orbach
Director
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Appendix B
FESAC Panel on the Inertial Fusion Energy Program

Professor James Asay, Washington State University
Professor Riccardo Betti (Vice Chair), University of Rochester
Mr. Michael Campbell, General Atomics
Dr. Phillip Colella, Lawrence Berkeley National Laboratory
Dr. Jill Dahlburg (Vice Chair), Naval Research Laboratory
Professor Jeffrey Freidberg, Massachusetts Institute of Technology
Professor Jeremy Goodman, Princeton University
Professor David Hammer, Cornell University
Dr. Joseph Hoagland, Tennessee Valley Authority
Dr. Steve Jardin, Princeton Plasma Physics Laboratory
Dr. John Lindl, Lawrence Livermore National Laboratory
Dr. Rulon Linford (Chair), University of California (Retired)
Dr. Grant Logan, Lawrence Berkeley National Laboratory
Dr. Keith Matzen, Sandia National Laboratory
Professor Gerald Navratil, Columbia University
Dr. Arthur Nobile, Los Alamos National Laboratory
Dr. John Sethian, Naval Research Laboratory
Dr. John Sheffield, University of Tennessee, Knoxville
Dr. Mark Tillack, University of California, San Diego
Dr. Jon Weisheit, Los Alamos National Laboratory
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Appendix C
Reading List

1.  2002 Snowmass Summer Study report:
http://www.pppl.gov/snowmass_2002/snowmass02_report.html, or start here:
http://fusion.gat.com/snowmass/

2.  JASON April 2003 HIGH POWER LASERS report

3.  Davidson's NRC X-Games report [2003, not yet posted]
http://www7.nationalacademies.org/bpa

4.  Goldston's 35-year development path report [2003]
http://www.ofes.fusion.doe.gov/More_HTML/FESAC/Dev.Report.pdf or start here:
http://www.ofes.fusion.doe.gov/More_HTML/FESAC_Charges_Reports.html

5.  Baker's MFE IFE Priorities and Balance report (the 'Knoxville Summit' Report)
[1999].  http://fire.pppl.gov/FESAC_Priorities_Final99.pdf

6.  Last FESAC report on IFE, chaired by John Sheffield (DOE/ER-0690 July 22, 1996
Report on Inertial Fusion Energy):
http://www.ofes.fusion.doe.gov/More_HTML/FESAC_Charges_Reports.html

7.  Laser IFE paper and Laser IFE issues extracted from the paper.

8.  Heavy ion fusion plan (from Snowmass).
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Agenda
IFE Panel Meeting

Hyatt Hotel
October 28-29, 2003

Tuesday, October 28

1:45 Executive Session
(Introductions, Charge, Agenda)

2:15 Need for IFE Report
OFES Anne Davies
NNSA David Crandall
Discussion

3:15 Break

3:30 Indirect Drive Target Physics John Lindl
NIF, HIF, & related HEDP

4:15 Heavy Ion Fusion (HIF) Grant Logan

5:00 Z-Pinch Keith Matzen

5:45 Dinner Break

7:00 Laser Direct Drive John Sethian

7:45 Target Fabrication and Injection Art Nobile

8:30 Target Chambers and Reactors Mark Tillack

9:15 Break

9:30 Fast Ignitor Mike Campbell

10:15 JASON Report on Petawatt Lasers David Hammer

11:00 Adjourn
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Wednesday, October 29

9:00 NRC Report HEDP: The X Games Ron Davidson

9:45 Follow-up discussion with Davies and Crandall

10:00 Executive Session
Strawman findings and issues

Targets
Drivers
Chambers and Reactors
Fast Ignitor

11:00 Discussion of key technical issues

11:30 Strawman findings for HEDP

12:00 Need for additional information?
Writing assignments and Report Outline
Schedule (next meeting, action items)

12:30 Adjourn
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Draft Agenda
Telephone Conference

Wednesday, December 3, 2003
10:00 to 2:00 PST (1:00 to 5:00 EST)

10:00  Role call and review of agenda Linford

10:15  Discussion of draft outline of report Linford

10:30  Discussion of Compelling Science Questions Linford

11:00  Break

Presentations and discussion of first few Issues

11:15  Equations of state in high density regimes, spherically
symmetric, isobaric ignition hydro, and effects
of low-mode number beam imbalance
11:15 Presentation Lindl
11:45  Discussion moderator Weisheit

12:10  High-mode-number hydrodynamic instabilities (RT)
12:10 Presentation Betti
12:30 Discussion moderator Colella

12:50  Break

1:00  Discussion of Issues Section Freidberg

1:30  Wrap up discussion Linford

1:45  Planning for next two telecoms – draft agendas Linford
 and face-to-face meeting in January or February

2:00  Adjourn
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Agenda
Telephone Conference

Wednesday, December 10, 2003
8:00 to 12:00 PST (11:00 to 3:00 EST)

8:00  Role call and review of agenda Linford

8:10  Writing assignments and other issues Linford

8:20  Heavy Ion Drivers
8:20  Presentation Davidson
8:55  Discussion moderator Navratil

9:20  Break

9:30  Diode-Pumped Solid State Lasers
9:30 Presentation Payne
9:55 Discussion moderator Asay

10:15  KrF Lasers
10:15 Presentation Sethian
10:40  Discussion moderator Asay

11:00  Discussion of draft Introduction Betti

11:25  Discussion of Issues Section Freidberg

11:50  Wrap up discussion Linford

12:00  Adjourn
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Agenda
Telephone Conference

Tuesday, December 16, 2003
6:45 to 10:45 PST (10:45 to 2:45 EST)

6:45  Role call Linford

7:00  Fast Ignition
7:00  Presentation Tanaka
7:30  Discussion moderator Navratil

7:55  Break

8:10  Z-pinches
8:10 Presentation Matzen
8:35 Discussion moderator Asay

9:00  Discussion of input to Priorities Panel Dahlburg

9:50  Potential contributions of NIF, etc., to IFE Linford/Lindl

10:20  Writing assignments, call scheduling Linford

10:35  Wrap up discussion Linford

10:45  Adjourn



D-7

Agenda
Telephone Conference

Tuesday, January 20, 2004
11:00 to 1:00 PST (2:00 to 4:00 EST)

11:00  Role call Linford

11:05  Issues Section Freidberg
General content and flow of document
Selected key issues for each approach (HI, HAPL, and Z)
Selected key research activities / campaigns for each approach
(Fast Ignition issues and research need to be included)

12:30  Draft response letter to Baker re Priorities Panel Questions Linford

1:00  Adjourn
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Agenda
Telephone Conference

Tuesday, January 27, 2004
12:00 to 2:00 PST (3:00 to 5:00 EST)

12:00  Role call Linford

12:05  Section V Contributions to HEDP and other science Asay
General content and organization
Findings
Recommendation

12:50  New version of Issues Section Freidberg
Edits and additions
Findings

1:20  Draft letter to Baker and explanatory text Linford

1:40  Finishing Section IV and findings Linford

1:50  Preparation for Feb 12-13 meeting: action items Linford

1:00  Adjourn
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Agenda
IFE Panel Meeting

General Atomics
La Jolla, CA

February 12 –13, 20004

Thursday, February 12
(Building 7, Room 120)

Please check in at GA’s Visitor Reception Desk.  They will give you a badge and direct
you to the meeting room, which is under the cafeteria in the central circular Building 7.

8:00 Informal interactions, coffee

8:30 Welcome and discussion of agenda Linford

8:40 Discussion of general layout of report Linford
(Identify major items needing attention.)

9:00 Describe process for editing report Linford

9:05 Introduction Linford/Betti

9:20 Some General Observations and Findings Linford/Betti

9:45 Targets (findings and recommendations) Weisheit/Linford

10:30 Break

10:45 Targets (body of section) Weisheit/Linford

11:15 Drivers (findings and recommendations) Navratil/Linford

12:00 Working lunch (summary of morning action items)

1:00 Drivers (body of section) Navratil/Linford

1:45 Fast Ignition (findings and recommendations) Navratil/Linford

2:15 Fast Ignition (body of section) Navratil/Linford

2:30 Chambers and studies (findings and recommendations) Sheffield/Linford

2:45 Chambers and studies (body of section) Sheffield/Linford

3:00 Key remaining issues (entire section) Linford
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3:45 Break

4:00 HEDP (findings and recommendations) Asay/Linford

4:45 HEDP (body of section) Asay/Linford

5:15 Action items review Betti/Linford

5:30 Adjourn

6:30 No-host dinner at (restaurant yet to be picked)

Friday, February 13
(Building 15, Room 018)

8:00 Video conference presentation and discussion Patrick Looney

8:50 Walk to Building 7, Room 120

9:00 Discussion of Priorities Panel interactions Charles Baker

9:45 Executive Summary Linford

10:30 Break

10:45 Action items working sessions Assigned groups

12:00 Working lunch (discussion of major items)

1:00 Action items discussions with full panel Linford/Assignees

3:00 Break

3:15 Final review of Executive Summary Linford

4:00 Final review of body of report Linford

5:00 Adjourn
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Appendix E
Letter and Email to FESAC Priorities Panel Regarding Key Issues

Letter to Baker -- January 29, 2004

Attachments to Baker Letter:
Draft questions and explanatory text provided to the IFE Panel on January 5.
Recommended IFE-Specific Topical Questions and Explanatory Text

Email to Baker – February 27, 2004

Attachment to Email:
IFE Edits of Questions
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Appendix E (Continued) Thursday, January 29, 2004

Dr. Charles C. Baker
Virtual Laboratory for Technology
University of California, San Diego
9500 Gilman Drive, MC 0420
La Jolla, CA  92093-0420

Dear Dr. Baker:

This letter is in response to your request, as Chair of FESAC’s Priorities Panel, for input
from FESAC’s IFE Panel.  During our several conversations we discussed a list of
questions being developed by the Priorities Panel that would convey the key issues being
addressed by fusion energy research.  On January 5, 2004, you sent me an email with the
attached draft list of questions and explanatory text, and expressed interest in receiving
feedback from the IFE Panel some time this month.  We agreed that I would send you a
letter conveying the IFE Panel comments on the draft questions.

The IFE Panel concurs with the following:

Overarching Questions

The Overarching Questions should be worded broadly enough to include both MFE and
IFE.

Each question should also clearly pose a science challenge that has not been achieved,
and one that is also central to fusion energy.  The following wording is recommended.

O1.  What are the properties of matter under conditions required for thermonuclear fusion
burn?

O2.  Can fusion burn be achieved and studied in the laboratory?  (Or alternatively -- Can
we light a star on earth and study it in the laboratory?)

O3.  Can fusion power be made practical?

Science or Topical Questions

The Science or Topical Questions should fall into three groups:  1) Those that are
common to MFE and IFE, 2) those that are MFE specific, and 3) those that are IFE
specific.  The draft list of science questions you sent contain some that are clearly in one
of the first two groups, and some that appear to be oriented toward MFE but might be
broadened to include IFE.
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Our panel members found ways to broaden all the Topical Questions sufficiently to cover
IFE and MFE, with the exception of T10.  However, we felt that the real value of the
Topical Questions is to convey some of the more specific scientific issues.  For that
reason we have only included questions in Group 1 where there was apparent scientific
synergy between the MFE and IFE research.

T1, T4, T7, T8, and T11 should be in Group 1.  The IFE Panel noted that T1 and T4 are
somewhat generic, like the Overarching Questions, and do not convey specific scientific
issues not already covered in the Overarching Questions or by other more specific
Topical Questions.  For that reason we recommend that the Priorities Panel consider
dropping these two questions, particularly if there is a desire to minimize the number of
Topical Questions.

Some of the draft topical questions use the phrase “fusion plasmas” to describe a state
that has not yet been achieved.  Since tens of megawatts of fusion power have been
produced for short times, it might be better to use a phrase such as “burning plasmas” or
“fusion burn” to describe the state that we are trying to achieve and study in the
laboratory.

The following wording is recommended for the questions in Group 1.

T1.  Can laboratory plasmas be confined sufficiently to achieve fusion burn?

T4.  Can temperatures and energy densities sufficient for fusion burn be reached in
laboratory plasmas?

T7.  How do waves and photons interact nonlinearly with plasmas?

T8.  How do high-energy particles from fusion reactions or externally driven beams
interact with plasmas?

T11.  How do fusion neutrons, photons, and particle fluxes affect fusion system
materials?

T2, T3, T5, T6, T9, and T10 should be in Group 2, MFE specific.  The Priorities Panel
may want to consider making the wording clearer that these questions are focused on
magnetic confinement.

The following IFE-specific questions (Group 3) should be added to the list.

T12.  Can heavy-ion beams be compressed to high intensities sufficient for fusion
ignition and high gain and for other HEDP studies?

T13.  Can we resolve the scientific and technological issues such that a durable, efficient,
repetitively pulsed, high-energy laser can meet the requirements for fusion energy?
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T14.  Can a recyclable transmission-line assembly, including an IFE target, be developed
that can be connected to a high-efficiency pulsed-power driver at rates required for fusion
energy?

T15.  Can the physics of uniform-density fuel assembly and energy transport by
relativistic electrons to high-density fuel be understood well enough to assess the
potential of fast ignition?

T16.  Can hydrodynamic instabilities and symmetry be controlled and thermonuclear fuel
assembled in inertial fusion implosions to achieve ignition and high gain?

T17.  How do target emissions interact with surrounding chamber media, and what are
the key responses that limit the pulse rate and durability of inertial fusion chambers?

Explanatory paragraphs for the questions in Group 3 (IFE specific) are attached.  As you
and I have discussed, the Priorities Panel prefers to insert “How” in front of questions
such as T12 through T16.  However, the IFE panel prefers the form used in this letter.
For the convenience of the Priorities Panel, we have inserted the “How” in the
attachment.

I hope that these comments and recommendations will be helpful to you and the Priorities
Panel in developing the next iteration of the list of questions and explanatory text.

Please let me know if the IFE Panel can be of additional help to the Priorities Panel.

Best wishes,

/s/

Rulon K. Linford
Chair, Inertial Fusion Energy Panel of FESAC

Attachments:
Draft questions and explanatory text provided to the IFE Panel on January 5.
Recommended IFE-Specific Topical Questions and Explanatory Text

cc: R. Hazeltine, Chair of FESAC
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Summary

Overarching Questions:

O1. What are the properties of matter in the high-temperature plasma state?

O2.  How can we create a self-heated, steadily  burning starfire on earth?
or

        Can fusion power be made practical?

O3.  How can we make fusion power practical?
 or

Can we light a "star on Earth" to create an energy-producing plasma?

Science Questions:

T1.  How can we sufficiently confine fusion plasmas?

T2.  What are the basic physics mechanisms by which heat and particles escape
from plasmas?

T3.  How are mass flows created and dissipated in plasmas?

Or combine T2 and T3 into

How are particles, energy, and momentum transported within a plasma?

T4.  How can temperatures and energy densities sufficient for fusion be reached?

T5.  How is plasma pressure limited?

T6.  How do magnetic fields spontaneously rearrange?

T7.  How do waves and photons interact with plasmas?

T8.  How do high energy particles produced by fusion reactions and energetic
particle beams interact with plasmas?

T9.  How can we interface a stellar grade plasma to our material surroundings on
earth?

T10.  How much external control versus self-organization will a fusion plasma
require?

T11.  How do fusion neutrons and high heat and particle fluxes affect fusion system
materials?
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Overarching questions:

O1.  What are the properties of matter in the high-temperature plasma state?

The plasma state of matter demands new physics understanding because its properties are
emergent: they are not readily derivable from understanding the properties of single
particles but arise as a collective action of billions of particles.  Yet, it is remarkable that
much of the complex, nonlinear phenomena of plasmas can be reduced to simple physics
principles.  Discovery and advancement of these principles is of great importance since
hot plasmas constitute the core of fusion plasmas and much of the visible universe.
These principles apply from spatial scale of microns in fusion plasmas to millions of light
years in extra-galactic structures, and from time scales of a billionth of a second in
inertially confined laboratory fusion plasmas to billions of years in galaxies.

O2.  How can we create a self-heated, steadily  burning starfire on earth?

A burning plasma is energy-producing and largely self-sustaining. Unlike all previous hot
plasmas studied in the laboratory, the temperature of a burning plasma is not maintained
dominantly by heat applied by experimenters. In a burning plasma, the very high
temperature required for fusion power will be largely sustained by the energy released
from the fusion reactions.  The production of a burning plasma that can be sustained
sufficiently steadily for fusion energy will be an enormous physics accomplishment, and
it will demonstrate the scientific and technological feasibility of controlled fusion power.
The creation of a burning plasma will permit numerous scientific and technical
investigations of plasma self-heating and of fusion energy production.

or

Can fusion power be made practical?

It is a grand scientific and technical challenge to configure an energy-producing fusion
system to provide practical fusion energy. The behavior of a magnetically confined
plasma depends strongly on the structure and shape of the confining magnetic field.  The
behavior of an inertially confined plasma depends on the design of the target pellet and
the incident laser or beam energy.  Both approaches depend on the properties of the
material structure and fusion components surrounding the hot plasma. It is a huge
challenge to both physics and engineering science to configure and control these physical
elements to provide practical fusion energy.

O3.  How can we make fusion power practical?



E-7

It is a grand scientific and technical challenge to configure an energy-producing fusion
system to provide practical fusion energy.  Sufficient energy gain must be achieved to
allow the necessary energy inputs to control the fusion system.  Both physics and
technical approaches are needed for steady-state or at least quasi-steady-state operation.
Stellar grade plasmas with large heat and energetic particle fluxes must be interfaced to
terrestrial materials.  How the fusion neutrons affect the materials of the fusion system
must be understood.  The fusion cycle must be self-sufficient in fusion fuel. It is a huge
challenge to both physics and engineering science to configure and control these physical
elements to provide practical fusion energy.

or

Can we light a"star on Earth" to create an  energy-producing plasma?

A burning plasma is energy-producing and largely self-sustaining. Unlike all previous hot
plasmas studied in the laboratory, the temperature of a burning plasma is not maintained
dominantly by heat applied by experimenters. In a burning plasma, the very high
temperature required for fusion power will be largely sustained by the energy released
from the fusion reactions.  The production of a burning plasma will be an enormous
physics accomplishment, and it will demonstrate the scientific and technological
feasibility of controlled fusion power. The creation of a burning plasma will permit
numerous scientific and technical investigations of plasma self-heating and of fusion
energy production.
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Topical Questions

T1.  How can we sufficiently confine fusion plasmas?

Plasmas hot enough for fusion must be confined long enough to allow the fusion
reactions to take place.  Plasmas can be confined by, gravity, magnetic field,  and inertia.
Gravity is how the sun confines its fusion plasma. For terrestrial confinement using
magnetic fields, the properties of a plasma confined by a magnetic field depends
sensitively on the structure of the fields -  curvature, twist, spatial symmetries, strength,
and topology.  These features of the fields determine the plasma stability (its tendency to
grow large scale structures from noise) and turbulent transport.  Understanding the
influence of the many spatial features of the fields provides the basis to design
configurations most favorable to fusion energy. Field structure is critical for
understanding plasma confined in solar magnetic arcades, in jets emanating from plasma
surrounding black holes, and in extra-galactic plasma confined in radio lobes.  In inertial
confinement fusion, photons or heavy ions are used to to directly compress the fusion
fuel or indirectly by creating an intense x-ray radiation field into a sufficiently small, high
energy density volume for fusion reactions to occur and the inertia of the fusion fuel
allows it to nearly completely burn up before the fuel dissassembles

T2.  What are the basic physics mechanisms by which heat and particles escape
from plasmas?

The plasma medium can support a dazzling variety of electrostatic and electromagnetic
waves not possible in other states of matter. The waves and turbulence can cause a
plasma to lose its heat and particles.  This transport can thwart the goal of assembling a
laboratory fusion plasma that is hot and dense.  An exciting recent development has been
the realization of massive computer codes capable of exhibiting some of what are felt to
be the basic physics mechanisms of transport from turbulence.  Understanding the
fundamental processes of turbulent transport can lead to techniques to control it.  Another
exciting development in recent years has been the realization and experimental
demonstration that plasma flows can stabilize turbulence and decrease the heat and
particle leakage.  Turbulent transport can also determine how a rotating plasma falls onto
a black hole, how cosmic rays diffuse through galaxies, and how clusters of galaxies form
from halos.

T3.  How are mass flows created and dissipated in plasmas?

Magnetic and inertially confined plasmas, stellar plasmas, and interstellar plasmas exhibit
large scale coherent mass flows.  Zonal flows occur in the planetary atmosphere of
Jupiter and also play an important role in regulating plasma turbulence in magnetically
confined plasmas.  Important elements of the physics of plasma rotation and the
dissipation of that rotation remain to be understood.  It is important to understand the
physics of plasma rotation because it plays an important role in plasma stability. Complex
mass flow patterns play a crucial role in interfacing terrestrial fusion plasmas to their
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material surroundings.. The eruption of CMEs and flares, the heating of the corona to
temperatures several hundred times that of the sun's visible surface, the acceleration of
the solar wind—all of these processes, whose detailed workings are still poorly
understood, are driven or mediated by energy provided by magnetic fields generated
within the upper third of the Sun’s interior, in the so-called convection zone. In this
region, the rotational and turbulent convective motions of the electrically conducting
plasma drive a magnetic dynamo that generates and maintains the Sun’s global magnetic
field as well as smaller-scale local fields. The magnetic fields thus generated emerge
through the photosphere, forming sunspots and other active regions and creating
complex and dynamic coronal structures. The physics of mass flows can also determine
how a rotating plasma falls onto a black hole, how cosmic rays diffuse through galaxies,
and how clusters of galaxies form from halos.

Or combine T2 and T3 into

How are particles, energy, and momentum transported within a plasma?

Plasma waves and turbulence arise spontaneously in nearly all plasmas.  The waves and
turbulence can cause a plasma to lose its particles, momentum, and energy.  This
transport can thwart the goal of assembling a laboratory fusion plasma that is hot and
dense. Understanding the fundamental processes of turbulent transport can lead to
techniques to control it.  An exciting development in recent years has been the realization
and experimental demonstration that plasma rotation can stabilize turbulence and increase
the plasma pressure.  Turbulent transport can also determine how a rotating plasma falls
onto a black hole, how cosmic rays diffuse through galaxies, and how clusters of galaxies
form from halos.

[The eruption of CME’s can be discussed in the section on magnetic reconnection.]

T4.  How can temperatures and energy densities sufficient for fusion be reached?

Magnetically confined plasmas can be heated to fusion temperatures by injection of
energetic neutral atoms or electromagnetic waves.  While the basic physics of these
processes are well understood, important issue remain on the applicability of these
methods in burning plasmas.  Of course, the principal objective of a burning plasma
experiment is to use the energetic alpha particles produced in a fusion reaction to self-
heat the plasma.  Terrestrial temperatures well in excess of those found on the sun and
required for fusion power have been produced.

In inertial fusion, photon or heavy ion drivers are used to compress and heat the fusion
fuel to high energy densities.  Ignition of a fusion pellet will first be done with a large
visible laser.  High repetition rate lasers or heavy ion drivers are necessary to achieve
quasi-steady fusion burning.  An exciting recent development that may reduce the driver
energy requirements is fast ignition in which an ultra-short high energy density laser
pulse is used to flash ignite a compressed capsule.
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Very high ion beam intensities (high directed kinetic energy and particle density) are
required for heavy ion drivers.  These ion beams are non-neutral plasmas.   In addition to
acceleration, high intensity is accomplished by compressing the beam along the direction
of motion and focusing the beam particles to a small spot size. A basic understanding of
the collective processes and nonlinear dynamics of intense, high-brightness, heavy ion
beams, and a determination of how best to create, accelerate, transport, compress and
focus these beams to a small spot size are critical to achieving the scientific objectives of
heavy ion fusion and ion-beam-driven studies of warm dense matter.

T5.  How is plasma pressure limited?

For every plasma configuration there is an upper limit to the pressure. Beyond this limit,
the plasma cannot be confined - it will disassemble, expand, or lose it energy.  The
physical manifestation of the loss of confinement depends on the nonlinear evolution of
the pressure-driven instability.  Effects range from enhancing the plasma transport to
abrupt loss of the configuration.  Substantial progress has been made on understanding
the pressure limits in magnetically confined plasmas.  An exciting recent discovery has
been that plasma rotation can stabilize the instability of most impact,  greatly increasing
the stable pressure limit.  Fusion energy output increases with the plasma pressure; hence,
an understanding of the cause and behavior of pressure limits is needed to develop
practical confinement configurations for fusion.

T6.  How do magnetic fields spontaneously rearrange?

Magnetic fields in laboratory and astrophysical plasmas tend to spontaneously rearrange
– the field lines can tear and reconnect, thereby self-organizing the magnetic topology.
This process of “magnetic reconnection” can lead to the sudden, sometimes drastic, loss
of energy in some laboratory plasmas, and to continuous turbulent loss in others.
Magnetic reconnection  is believed to be ubiquitous in the universe -  driving solar flares,
regulating star formation, accelerating  particles to high energy.  A fundamental theory
for magnetic reconnection, applicable to the wide variety of venues,  is not yet in hand.

In the outer one-third of the sun, the rotational and turbulent convective motions of the
electrically conducting plasma drive a magnetic dynamo that generates and maintains the
Sun’s global magnetic field as well as smaller-scale local fields. The magnetic fields thus
generated emerge through the photosphere, forming sunspots and other active regions and
creating  complex and dynamic coronal structures.

T7.  How do waves and photons interact with plasmas?

The plasma medium can support a dazzling variety of electrostatic and electromagnetic
waves not possible in other states of matter. Such plasma waves can interact with
particles in the plasma, often through a myriad of wave-particle resonances not present in
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other fluids.  Waves can arise spontaneously or can be driven by experimenters in the
laboratory.  They can accelerate particles, thereby altering the plasma temperature and
electrical current.  Steady-state operation requires that currents be sustained indefinitely
and that electrical currents be controlled. Plasmas can self-generate their own currents
from the pressure gradients in the plasma, the so-called bootstrap currents.  This subject
is closely coupled to plasma stability since having high self-driven currents requires high
plasma pressure gradients.  Photons are used in the inertial fusion approach to compress
fusion fuel.  The photon pressure can drive a number of plasma instabities.
Understanding the propagation of waves and photons and their interaction with plasmas
can lead to techniques to control plasma behavior, and can be key to understanding
effects of spontaneously occurring waves.

T8.  How do high energy particles produced by fusion reactions and energetic
particle beams interact with plasmas?

The fusion of deuterium and tritium nuclei gives birth to an electrically charged alpha
particle with an energy much greater than that of the background plasma.  The interaction
of the population of these alpha particles with the plasma is complex and critical to fusion
energy.  The alpha particle energy is needed to sustain the hot burning plasma.  Yet the
energy of the alpha particles can also influence the plasma in numerous other ways.  It
can drive unstable waves, or even turbulence, in the plasma. The excited waves can in
turn lead to the loss of the alpha particles.  The alpha particle heating can alter the
temperature in the plasma, which in turn can alter the turbulence and the confinement of
the bulk plasma as well as the alpha particles.  Some aspects of this physics can be
studied by the use of energetic particle beams.  Energetic particle beams can also drive
electrical currents in plasmas.  Heavy ion beams in inertial fusion can be used to
compress targets.  The interaction of these beams with the targets is complex; instabilities
can be driven.  The final state of the plasma is determined by these strongly coupled
processes.

T9.  How can we interface a stellar grade plasma to our material surroundings on
earth?

Near the edge of a magnetically confined plasma exists a complex region in which the
hot plasma interacts with material surfaces and is fuelled by ionization. Strong and
complex flow patterns in the plasma boundary interface the stellar grade plasma to the
material wall.  The boundary plasma must provide exhaust of power, fuel,  and impurity
ions.  Material surfaces must absorb high heat fluxes and eroded material transports in the
boundary plasma and is redeposited.  Under the right conditions, turbulent transport can
be suppressed by sheared flows.  A key recent result of plasma experiments, theory and
modelling has been that the plasma near the edge sets boundary conditions which
strongly influence transport in the hot core.  Understanding and predicting these
conditions, which are set by a complex interaction of turbulence, magnetohydrodynamic
limits and plasma-surface effects, is a remaining but crucial challenge.
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T10.  How much external control versus self-organization will a fusion plasma
require?

A burning, magnetically confined plasma will exhibit a complex set of feedback loops
among the various physical phenomena discussed above.  The alpha particle heating will
be the principal means of sustaining a high plasma pressure.  The pressure limit will be
determined by the distributions of pressure and current in the plasma.  It is desirable that
the current be mainly self-generated, in which case the distribution of the current depends
on the distribution of the pressure.  Auxiliary sources will supply both heat and current
drive.  The distributions of pressure and current will create mass flows, which affect the
transport from turbulence and, with the distribution of the alpha and auxiliary heating,
determine the pressure distribution.  These complex linkages of physical phenomena can
be studied in existing experiments, but the crucial role the dominant alpha heating and
alpha driven instabilities will play will first be studied in a burning plasma experiment.
These complex linkages represent substantial self-organization of the plasma.  Various
magnetic configurations have varying degrees of self-organization versus external
control.

T11.  How do fusion neutrons and high heat and particle fluxes affect fusion system
materials?

The material wall surrounding a hot fusion plasma must survive fluxes of millions of
Watts of energy per square meter and particle fluxes that erode the materials.  The
structure must be robust, must not inject material back into the plasma, and must
minimize production of radioactivity. In inertial fusion, the chamber wall will receive the
pulsed heat loads from each target explosion.  Chamber clearing between targets is an
important issue. Many new scientific phenomena occur in this system of materials,
particularly at the interfaces among coolants, breeders, neutron multipliers, structural
materials, conducting shells, insulators, and tritium permeation barriers.

Fusion neutrons can cause activation of system structures and degradation of material
properties, leading to lifetime limitations.  Fusion neutrons must also be slowed down
and their heat captured as the principal method of heat extraction in a fusion system.
Fusion neutrons also interact with lithium-containing liquids or ceramics in a chamber
material system surrounding the plasma to regenerate the tritium fuel component.   Basic
material studies are needed to understand the impact of fusion neutrons on structural
materials.  Studies of the impact of fusion neutrons on various methods of fabrications,
such as welds, need to be done on significant sized components.  Materials that limit
activation must be developed.  Various methods of extracting heat from the neutrons need
to be explored.
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Recommended IFE-Specific Topical Questions and Explanatory Text
January 29, 2004

T12: How can heavy-ion beams be compressed to high intensities sufficient for
fusion ignition and high gain and for other HEDP studies?

Supporting Narrative: Charged particle beams are one-component nonneutral plasmas
that have been accelerated to high kinetic energy. Most of this kinetic energy is in the
directed motion of the beam particles, but a small fraction is in random kinetic energy,
characterized by the effective temperature of the beam particles.  To create the conditions
for warm dense matter and propagating fusion burn, very high beam intensities (high
directed kinetic energy and particle density) are required. In addition to acceleration, high
intensity is accomplished by compressing the beam along the direction of motion and
focusing the beam particles to a small spot size. The beam temperature is a key property
that limits the smallest achievable spot size and pulse duration.  To minimize the beam
temperature, and thereby maximize the energy deposition in the target, the beam
dynamics must be controlled with high precision throughout its entire trajectory, using
accurately positioned and tuned confining magnets, accelerating fields with precise
timing and voltage regulation, and final charge neutralization techniques that do not
degrade the beam quality.  A basic understanding of the collective processes and
nonlinear dynamics of intense, high-brightness, heavy ion beams, and a determination of
how best to create, accelerate, transport, compress and focus these beams to a small spot
size are critical to achieving the scientific objectives of heavy ion fusion and ion-beam-
driven studies of warm dense matter. There are also key synergistic relationships of the
research on intense heavy ion beams to understanding the nonlinear dynamics of charged
particle beams for high energy and nuclear physics applications, including minimization
of the deleterious effects of collective processes such as the two-stream (electron cloud)
instability, and the use of a charge-neutralizing background plasma to assist in focusing
intense beams to a small focal spot size (plasma lens effect).

T13.  How can we resolve the science and technology issues such that a durable,
efficient, repetitively pulsed, high-energy laser can meet the requirements for fusion
energy?

The laser must meet three top-level scientific requirements. It must be durable enough to
provide sufficient availability, it must be efficient enough to realize net energy, and it
must operate at a sufficient repetition rate to produce meaningful fusion power. Realizing
these goals will require advanced science and technology development in laser physics,
optics, materials, and pulsed power. Two types of lasers are under development, the KrF
Laser and the Diode Pumped Solid State Laser. KrF Lasers are gas lasers pumped with
electron beams. The electron beams are formed in a vacuum diode, and are injected
through a thin “hibachi” foil into the laser gas. The main outstanding challenges are to
demonstrate the efficiency in an integrated system and develop high durability long lived
hibachi foils.  The latter requires a coordinated R&D effort in materials, cathode physics,
electron-beam transport, and thermal management. In Diode Pumped Solid State Lasers
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light from an array of diodes is used to pump a laser crystal, typically Yb:S-FAP. As all
the components are solid state, the DPPSL is expected to meet the durability
requirements.   The near term challenge is meeting the efficiency requirements (10% is
the goal) at the required wavelength and beam smoothing.  The major scientific issue is
that of optical damage, including the field enhancements arising from surface cracks of
different morphologies.

T14.  How can a recyclable transmission-line assembly, including an IFE target, be
developed that can be connected to a high-efficiency pulsed-power driver at rates
required for fusion energy?

In the heavy-ion and laser-driven IFE concepts, fusion targets are repetitively accelerated
to a high velocity and fired into the reactor chamber, after which many heavy-ion or laser
beams are directed at the target.  The repetition rate for this process is several times per
second.  For the Z-pinch IFE concept, a recyclable transmission line (RTL) connects a
high-efficiency pulsed-power driver to the fusion target (the Z-pinch assembly containing
a fuel capsule).  The RTL is destroyed on each shot, but the RTL materials are
continually recycled and a new RTL-target assembly unit is inserted into the reactor
chamber for each pulse.   By utilizing higher yield fusion capsules, the repetition rate is
decreased to the relatively slow rate of once every 10 seconds. The key scientific
questions for the RTL involve 1.) the limits of power flow through a mass-produced, low-
mass vacuum-transmission-line assembly, and 2.) power flow at the very large current
densities that occur near the Z-pinch load.  For example, understanding the physics of
plasma formation and motion within the high fields of the magnetically insulated
transmission lines is critical to the successful design and operation of the RTLs.  The
anode-cathode gap at the Z-pinch load location must be optimized to maximize the
current delivered to the Z pinch while minimizing the radiation losses from the capsule
hohlraum.

T15.  How can the physics of uniform-density fuel assembly and energy transport by
relativistic electrons to high-density fuel be understood well enough to assess the
potential of fast ignition?

“Fast Ignition” is the concept of using an extreme intensity (~10^19 w/cm2) laser beam
to ignite a propagating thermonuclear burn wave in compressed fuel that is relatively cold
and uniform in density compared to the standard hot-spot ignition approach.  It is the
fusion energy application of the ultra high energy density physics driven by short-pulse
lasers that has been receiving significant national interest.  Fast ignition has the potential
to achieve a higher target gain with lower total (compression plus ignition) energy input
than standard hot spot ignition.  It thus offers inertial fusion the potential of an improved
product (significantly higher gain) with an easier development pathway (significantly
smaller experimental facilities).  Fast ignition may also relax the requirements for target
and compression uniformity and thus impact driver uniformity requirements and chamber
design.  However, the physics of fast ignition is extremely complex.  Energy from the



E-15

ignitor beam must be transported without dispersion to the compressed target and
deposited efficiently in the core.  This transport may be achieved by creation of a
relativistic electron beam from interaction of the intense laser beam with matter or by the
intense ion beam that can be created by this laser-plasma interaction.  These complex
physics issues must be studied – and understood – for the potential of fast ignition to be
assessed.  This effort will require improved numerical models and well-diagnosed
experiments on compressed targets coupled to petawatt-scale lasers to understand the
science of fast ignition inertial fusion.

T16.  How can hydrodynamic instabilities and symmetry be controlled and
thermonuclear fuel assembled in inertial fusion implosions to achieve ignition and
high gain?

To achieve ignition and high gain, the fuel in ICF targets must be compressed to densities
of several hundred to over a thousand g/cm3, a density substantially higher than the
density of about 100 g/cm3 found at the center of the sun. To achieve these densities, the
fuel must remain nearly Fermi Degenerate as the pressure generated by the fusion driver
varies from about 1 Mbar to 100 Mbar during an implosion of a fuel capsule. To achieve
this level of control the physics of the absorption and pressure generation of the driver
must be understood precisely. The physics of these processes is complex for all IFE
drivers, including such diverse topics as intense laser plasma interaction and high-energy
electron transport in regions with very sharp gradients, the physics of intense ion beam
stopping in warm dense matter, and the production of x-rays during the magnetically
pinched implosion of a magnetohydrodynamically unstable array of wires. In all cases,
the pressure generated requires precise knowledge of the equation of state and opacity of
materials used in these targets. All approaches to inertial fusion use a number of driver
beams, which could range from two to over a hundred. To achieve the densities required
for ignition and high gain, the radius of the capsules containing the fuel typically change
by a factor of 30 during compression. The final implosion must remain nearly spherical
which implies that the pressure must be uniform to about 1%. Hohlraums seek to achieve
uniformity by precisely controlling the position of the absorbing beams and the resultant
x-ray production, and then relying on radiation transport to provide the desired
uniformity. Radiation production and transport depends on the equations of state of
complex high-z material, frequently in a NLTE state, in a medium that has regions that
are thick and diffusive as well as thin and free streaming. In direct drive with lasers, the
beams are focused directly on the target,  The uniformity of the pressure is determined by
a complex interplay of refraction, laser-plasma interaction, and electron conduction at
very high intensity. As a capsule implodes, perturbations from fabrication as well as from
the driver beams grow as a result of hydrodynamic instability. The successful implosion
of a capsule to high density requires that the growth rate of these instabilities be
substantially reduced below their classical value.  This stabilization relies on complex
phenomena that occur as a result of the ablation of a shell during an implosion.
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T17.  How do target emissions interact with surrounding chamber media, and what
are the key responses that limit the pulse rate and durability of inertial fusion
chambers?

Scientific issues of target interaction with inertial fusion chambers span a wide range of
time scales and material states, ranging from the 10-nanosecond time scale for shocks and
radiation transport in high temperature target plasma emission to milliseconds for
gas/liquid/solid wall materials response to those target emissions. A variety of gas-
dynamic and materials science issues need to be understood better to determine how
rapidly inertial fusion chambers can be pulsed, and how long they can last against target
neutrons, x-rays, and plasma emissions. For dry wall chambers, long-term survival of the
chamber armor is the major challenge. Materials responses at a microscopic level are
needed to develop damage-resistant armors using engineered microstructures. For thick
liquid-walled chambers, the dominant issue is predictably controlling flow configurations
while meeting requirements for shielding and for target and beam propagation at high
repetition rates. Research topics include hydrodynamics and radiation transport in the
partially ionized afterglow plasma, and gas and liquid hydrodynamics for recovery rates
of chamber pressure and liquid flows configurations.
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Appendix E (Continued)

2/17/04 9:35 AM –800, Edits to questions for Priorities Panel

To: charlie.baker
From: Rulon Linford <rulon.linford@ucop.edu>
Subject: Edits to questions for Priorities Panel
Cc: IFE Panel
Bcc:
X-Attachments: :Macintosh HD:131750:IFE Edits of Questions:

Charlie,

Thank you for participating in the IFE Panel discussion last Friday regarding the list of
questions being developed by the Priorities Panel.  We continue to appreciate the
opportunity of providing input to that process.

The attached list is the outcome of that discussion, with some additional input from
subsequent emails.

The changes result in the elimination of two IFE questions, and the modification of the
language of others to align them more with the science focus of the list.  This leaves just
4 IFE-specific questions.  In addition, slight changes to the wording of some questions
allow them to be joint between MFE and IFE.  The list of joint topical questions now
includes 6, 8, 9, 11, 12, 14, and 17.

If further reduction in numbers of questions is desired, we note that 9 and 11 could be
combined, without any loss of specificity, by adding the words "charged particles" to 9.

Please let me know if I can be of help.

Rulon
====



IFE Edits of Questions 
 
Introduction:
 
O1.  What are the dynamics of matter and fields in the high-temperature plasma state? 
 
O2.   How can we create a controlled, self-heated, burning starfire on earth? 
 
O3.   How can we make fusion power practical? 
 
Topical Questions 
 
T1.  How does magnetic field structure impact fusion plasma confinement? 
 
T2.  How do hydrodynamic instabilities impact the thermonuclear fuel assembly, ignition, burn 

propagation, and gain of inertial fusion implosions? 
 
T3.  How does turbulence cause heat, particles, and momentum to escape from plasmas? 
 
T4.  How are large-scale electric and magnetic fields, currents,  and mass flows generated in 

plasmas? 
 
T5.  How do magnetic fields rearrange and dissipate their energy? 
 
T6.   Can the temperatures and energy densities required for fusion be achieved in laboratory 

plasmas? 
 
T7.   What limits the maximum intensity of heavy-ion beams? 
 
T8.   What limits the maximum pressure that can be achieved in laboratory plasmas? 
 
T9.   How do electromagnetic waves and photons interact with plasma? 
 
T10. How can the optimal fuel assembly be achieved in inertial fusion implosions?  
 
T11.  How do high energy charged particles interact with plasma? 
 
T12. How can we interface a burning plasma to its material surroundings? 
 
T13. How much external control versus self-organization will a fusion plasma require? 
 
T14. How does the multiple-field environment of fusion neutrons, heat and particle fluxes, 

photons, and magnetic field affect the plasma chamber media and systems? 
 
T15. How can auxiliary systems be engineered to provide the required, fueling, and heating, and 

confinement needed for steady-state or repetitively-pulsed burningplasmas? 
 
T16.  How can we resolve the science and technology issues such that a durable, efficient, 

repetitively pulsed driver can meet the requirements for inertial fusion energy and high-
energy-density matter generation? 

 E-18 
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Appendix F
Heavy-Ion Beam Physics Program Summary

B. G. Logan, C. M. Celata, J. W. Kwan, E. P. Lee, P.A Seidl, S. S. Yu
Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

J. J. Barnard, A. Friedman, W. R. Meier, Lawrence Livermore National Laboratory
Livermore, CA, USA

R. C. Davidson, Princeton Plasma Physics Laboratory, Princeton, NJ 08543, USA

R. A. Kishek, P. G. O Shea, I. Haber, University of Maryland, College Park, MD, USA

This appendix to section 3.2.1 describes more detail on the science and technology status of the
heavy-ion beam physics program for IFE and HEDP.

I. Introduction

The physics program of the HIF VNL is pursued for several long-term goals:
1. Realizing a vast new energy source through inertial fusion energy
2. Adding significantly to intense space-charge-dominated ion beams science
3. Application of intense heavy ion beams to high energy density physics.

A coordinated beam physics program by LBNL, LLNL, and PPPL (the Heavy-Ion Fusion
Virtual National Laboratory) supports these long term goals through experiments, analytical
theory, and simulations (science campaigns). Section II describes past progress, and section III
describes selected experiments and supporting theory and simulation in the current HIF-VNL
program. Relationships of HIF-VNL research with other fields of science are described in section
IV. The present program investigates the high-current regime of intense ion beams through
science campaigns in transport, longitudinal compression and focusing where the effects of
secondary electrons, gas and plasma interactions are important. These ten-year science
campaigns aim for a successful outcome to the OFES/OMB Ten-Year Measure for Inertial Fusion
Energy and High Energy Density Physics: “With the help of experimentally validated theoretical
and computer models, determine the physics limits that constrain the use of IFE drivers in future
key integrated experiments needed to resolve the scientific issues for inertial fusion energy and
high energy density physics”. These science campaigns address the scientific issues that impact
the design optimization of future heavy-ion accelerators such as the Integrated Beam Experiment
(IBX). A successful outcome to the 10-year science campaigns described above should lead to a
validated, predictive capability of the behavior of intense heavy ion beams relevant to IFE and
HEDP. This capability is essential to driving targets for both IFE and HEDP, ultimately to beam
intensities >1014 W/cm2, at beam energies >1 MJ, and at affordable costs.

Inertial fusion energy (IFE)

For IFE, the motivations for using heavy ion accelerators are:
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1. Worldwide experience with high-energy accelerators supports the prospect that a heavy
ion driver for inertial fusion energy can achieve the necessary efficiency, pulse-rate, and
durability.

2. Focusing magnets are expected to survive target radiation and debris better than laser
mirrors.

3. Ion-target coupling is expected to be very efficient and predictable.
4 .  HIF with indirect drive is compatible with long-lasting, low-activation chambers

protected by thick liquid layers.

For IFE the beams must be focused to a radius of a few millimeters from a distance of several
meters. The focusing system must survive at this several-meter distance from the fusion
environment, where neutrons and debris from the target can be significant.  The pulses must be
properly shaped in time, and the beam must be accurately aimed. The driver must be efficient,
reliable, durable, and environmentally attractive. A great deal of experience with accelerators for
high-energy and nuclear physics shows that accelerators similar to those proposed here are
reliable, durable, and energy—efficient. Moreover, particle accelerators have certain advantages
over other ways of achieving fusion, in that important components can be protected from the
products of the fusion blast. Electrostatic or magnetic fields focus the beams; the conductors that
produce these fields are not in direct line-of-sight of the target, and therefore can be shielded
from neutrons, gamma rays, and target debris. Liquid metal jets in the target chamber can be
used to shield the chamber walls. Thus heavy-ion accelerators provide a plausible solution to the
problem of developing focal elements and a fusion chamber that can survive in the fusion
environment.

Beam Science of Intense Space-Charge-Dominated Ion Beams

Space-charge-dominated beam dynamics. An ion beam suitable for driving an IFE or HEDP
target acts similarly to a non-neutral plasma, since the applied external fields act like a
neutralizing background charge to the repulsive force of beam. This is also descriptive of high-
power H- beams intended to heat magnetic fusion plasmas, and of a variety of beams in high-
average-power linacs and (pulsed) electron induction linacs. Such beams support internal plasma
modes and are susceptible to collective instabilities through their interactions with the confining
transport and accelerating system. An interesting and complicating feature is the continual
pumping of the beam’s phase space distribution by the application of periodic focusing
(confining) elements. This pumping produces resonance and stop band features, and is capable of
generating beam halos  (an outlying population of ions) and internal heating of the ion
distribution. In addition, the presence of even a small neutralizing electron component as a result
of halo impinging upon the accelerator structure may drastically alter the ion dynamics when it is
present over many beam plasma oscillations, as discussed below. The heavy-ion dynamical
experiments (such as the high current experiment HCX described below) and related computer
simulations are intended to elucidate this emerging field of basic and applied many-particle
collective dynamics, which is also a critical part of the accelerator science of intense ion beams
needed for IFE and HEDP.

Gas and electron cloud effects. As the beam (non-neutral plasma) travels through and leaves the
accelerator, it passes through an environment which may contain electrons, gas, or plasma.
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Beams with sufficient line charge density (> 0.1 µC/m) generate beam space-charge potentials of
the order of a kilovolt or more. Theory and simulations of the new, high current experiments
such as HCX, and also of high-energy ion storage rings with similar line charge densities,
suggest that electrons from the vacuum walls may be attracted into the ion beam channel,
modifying the beam space charge, ion transport dynamics, and halo generation, and potentially
causing ion-electron instabilities. These effects must be studied in order to set limits on the
amount of electrons generated, which in turn will provide limits for the vacuum pipe aperture
and background pressure. Similar effects appear to be significant in proton storage rings and
have been studied via simulation, although the understanding is incomplete at present. Study of
these electron effects in transport, longitudinal compression and chamber focus are a new and
major thrust of the HIF program as well as of theory and experiments in the high energy physics
accelerator community.

Focusing beams onto targets in neutralized state. Fusion targets require beam powers of
100—1000 TW, which implies total beam currents of 10 kA—1 MA on target. HEDP targets for
studies of the Equation of State of dense, strongly coupled plasmas can be driven with heavy ion
beam intensities several orders of magnitude smaller than those required for IFE. Use of multiple
(~100) beams and pulse compression (10x or more) after acceleration implies a power of ~0.1-1
TW/beam out of the accelerator; at ~3 GeV this is 30-300A. For comparison, the ISR at CERN
had a beam power of 1 TW at a much higher ion kinetic energy of 30 GeV. Comparable HIF
beam power at lower kinetic energy implies much stronger beam space charge potentials.
Focusing onto the target is conventionally envisioned as being effected by magnetic lens
systems, employing corrections for chromatic and geometric aberrations. A significant effort has
been made by the VNL on neutralizing a beam after this magnetic focus using pre-formed
plasma in the chamber, termed neutralized-ballistic  focusing. In this mode, the beams are non-
neutral in the final optical system but then are neutralized as they enter the fusion chamber,
nearly eliminating the effect of space-charge in the final beam transport to the target. Both
experimental and theoretical results at this time look extremely promising.  Z-pinch discharges
for neutralized ballistic focusing, called plasma lenses, and longer z-discharges for channeling
the ion beam, called Assisted Pinch channels, have also been studied experimentally and
theoretically, and offer the promise of stronger focusing with greater chromatic acceptance, thus
reducing demands on beam quality from the driver. The beam and background plasma dynamics
of these neutralization and neutralized transport processes include: multibeam effects; return
current formation and dynamics (streaming and filamentation instabilities); imperfect
neutralization; beam stripping; emittance growth; and photoionization of the beam ions and
background gas by x-rays from the target. Multiple-beam interactions near the target will be one
important focus of future research efforts; collective instabilities, such as resistive hose,
filamentation and two-stream modes, will be another. These areas of physics could potentially
lead to substantial improvements to the heavy ion fusion concept.

High Energy Density Physics Applications

This important and broad area includes studies of the equation of state of plasmas at megabar to
terabar pressures, radiation transport and opacity at many-times solid density, ultra-high Mach
number shocks, 2-D and 3-D hydrodynamic instabilities and turbulent mixing well into the
nonlinear regime, coherent light sources up to x-ray energies (as a diagnostic to probe HEDP
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target properties), and relativistically hot plasmas with Te much greater than mec
2. Lasers have

provided the initial entry into this field; however, heavy ions offer a new and complementary
tool for high energy density science, because of the unique energy deposition property of ion
beams, namely, that in very dense plasmas compared to the beam ion density, ions slow down in
straight trajectories due to classical dE/dx processes. At high energies, the ion range can be large
compared to the optical mean-free-paths in solid-density plasmas, allowing ion energy deposition
at the Bragg peak to be well inside targets that would be opaque to laser light or soft-x-ray
radiation. In contrast, lasers deposit their energy at plasma critical densities that are much smaller
than solid densities, where ω laser > ωp. The deep penetration of high-energy ion beam heating
allows more flexibility in some types of targets that can be used for dense plasma science, as
well as allowing for the possibility of heating a larger volume of matter, making diagnostic
measurements somewhat easier.

II. Past Progress

During the past several years the U.S. HIF Program has completed a set of scaled experiments
that confirmed theoretical calculations of limits for space-charge-dominated beam transport and
focusing [1, 2, 3]. These experiments were designed so that important dimensionless physics
parameters had the same values that they would have in a full-scale fusion power plant, thus
enabling the fundamental physics of transport and stability to be addressed. Examples of such
dimensionless parameters include the dimensionless beam perveance (this proportional to the
ratio of space-charge potential energy to the kinetic energy) and the ratios among space-charge
forces, focusing forces and forces arising from beam temperature. Line charge density and
current are the most important parameters describing the scale of the experiments. These
parameters have typically been one to five orders of magnitude smaller than the corresponding
values in a full-scale fusion driver. As the line charge density increases, the space charge
potential of the beam allows significant interaction with stray electrons, the increase in the total
current increases image and inter-beam forces, and in general, physics can be tested that could
not be approached with low current beams. The main scientific challenges now are to study these
high-current phenomena in transport, compression and final focusing to determine whether the
promising low-current results can be scaled to the power levels required for IFE targets and for
high-energy-density plasma science.

III. Current research

The High Current Experiment (HCX)

The High Current Experiment (HCX), located at Lawrence Berkeley National Laboratory and
carried out by the HIF-VNL, is designed to explore the physics of intense beams with line-charge
density of about 0.2 µC/m and pulse duration 4<τ<10 µs, close to the values of interest for a
fusion driver [4]. Experiments are performed near driver injection energy (1-1.8 MeV). HCX
beam transport is at present based mainly on electrostatic quadrupole focusing, which provides
the most efficient option at low energy and provides clearing fields to remove unwanted
electrons. However, magnetic transport experiments will also be performed to explore limitations
associated with magnetic focusing, in particular, the onset of transport-limiting effects due to
electrons trapped in the space-charge potential of the ion beam. The principal initial effort on the
HCX (see FIG.1. below) has been experiments carried out with a matched and well-aligned K+
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ion beam transported through 10 electrostatic quadrupoles. The main scientific results to date
are:

• There is no emittance growth (εn mm mrad= ±( ) −0 6 20. % ) within diagnostic sensitivity,
and little beam loss (< 2% in the middle of the beam pulse), as expected from initial
particle simulations. See FIG. 2 below showing the beam envelope (x and y vs z) through
the 10 quad transport region between QD1 and the end diagnostic station (D-end) in FIG.
1 below. The beam centroid is aligned to < 0.5 mm and 2 mr of the central axis of the
channel, with envelope mismatch amplitude ≈ ±1.0mm.

• A long-life, alumino-silicate source of improved surface uniformity has replaced a
contact-ionization source, eliminating depletion-induced experimental uncertainties.

• Significant differences between the experimental data and early theoretical calculations of
the beam envelope propagating through the electrostatic quadrupoles were encountered.
More detailed envelope models and simulations have resolved most of the discrepancy,
and achievable limits on envelope predictability and control are being probed.

• The experimental current density distribution, J(x,y), and phase-space data are being used
to initialize high-resolution simulations to enable realistic modeling and detailed
comparisons with experiment. New methods have been derived for projecting the full
4-D phase space from experimental measurements, and the resulting distributions are
being used in high-resolution PIC simulations of the experiment.

• Considerable progress has been made in the development of new time-resolved phase-
space diagnostics, which will speed up data acquisition in this and other upcoming beam
experiments in the HIF-VNL.

• A new Gas and Electron Source Diagnostic (GESD) has made preliminary measurements
of the secondary electron coefficient. The secondary emission yield varies as cos-1(θ), as
predicted theoretically (see FIG. 3. below). Data from the GESD will be relevant to
upcoming experiments on gas, particle loss and electron effects in a magnetic quadrupole
lattice.

A beam line of four pulsed magnetic quadrupoles, instrumented with diagnostics to measure the
production and energy of trapped electrons, secondary atoms and ions is being installed
downstream of the 10 electrostatic quads [5].
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FIG. 1. Initial experimental configuration of HCX. A secondary electron, ion and gas diagnostic
was installed downstream of the end station (D-end) diagnostic.

   FIG. 2. Predicted HCX beam envelopes (red and
   black curves) are initialized with I, ε, a′ a, b, b′
   measured at QD1, and projected to the diagnostic
   station at D-end. The tabulated envelope uncertainty
   at D-end is 1σ of a Monte Carlo set, from uniformly
   distributed ( ± 0.5mm, ± 1.0mrad) measurement
   uncertainty at QD1.

IonGuage

Target, 2o<θ <15o

Reflected ion
collector

Electron
Suppressor

Beam

Suppressor grid

FIG. 3.  Gas and Electron Source Diagnostic and
initial data on secondary yield versus angle.



F-7

The Neutralized Transport Experiment (NTX)

NTX [6] is an experiment (see FIG. 8. ) to test the physics of final focusing in a heavy ion fusion
driver. The key components are a neutralized drift section and the preceding magnetic final focus
lattice. The objective is to quantitatively study magnetic nonlinearities and emittance growth due
to incomplete charge neutralization. NTX has produced and focused a beam with a variable
perveance (a key dimensionless parameter for emittance growth) up to 2 x 10-3, and with a
sufficiently low emittance (<0.2 π mm-mr) so that variations in the focal spot radius are
dominated by magnetic nonlinearities and plasma effects in final focus (Fig 4).

Initial operation yielded the predicted 80 mA at 400 keV of K+1 ions, and the voltage-current
dependence followed the Child-Langmuir relation. The peak current density was 16 mA/cm2.
Initial measurement of the emittance at 80 mA gave 0.1 π mm-mr.

A beam aperturing experiment was performed on NTX to improve the emittance and to vary the
beam perveance. A 2-cm diameter aperture was placed downstream of the exit cathode. This
aperture intercepted one half (predicted and measured) of the beam current. Secondary electrons
produced at the aperture were successfully confined by means of two adjacent cylinders with
negatively biased potentials. FIG. 5. below shows that electrons neutralized the central portion of
the ion beam, leading to enhancements of the density on axis and significant distortions of the
phase space. The measured profiles and phase space were qualitatively consistent with
calculations from LSP, a particle-in-cell simulation code (see next section on theory and
simulation), and also with a version of EGUN adapted to include electron effects. Beam size and
the divergence angle agreed with EGUN predictions. When the electron trap was turned on, a
uniform profile and phase space were measured, and the emittance was then 0.05 π mm-mr (see
FIG. 6 below).

FIG. 4. The Neutralized Transport
Experiment (left side of the picture) began
operation in September 2002. The lower
right picture shows a large focal spot size
due to space-charge blow-up of a high
perveance (5x10-4) beam of 300 kV, 25 mA
K+1 ions. The upper right picture shows a
dramatically smaller focal spot when a
pulsed plug  of plasma is injected between
the focusing magnets and the focal plane
diagnostic. Theory and particle-in cell
simulations (in progress for this
experiment) have also shown much reduced
focal spots with plasma neutralization of
beams, and without deleterious beam-
plasma instabilities
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Beam line-integrated density profile as 
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Theory and simulations in the Virtual National Laboratory

Analytical and simulation studies are addressing the injection, acceleration, transport and
compression of the intense ion beams in the driver, and their transport and focusing in the target
chamber. A large part of this effort supports the HCX, advanced injector, and NTX experimental
programs described above. Other research is providing an understanding of fundamental
nonlinear and collective beam dynamics, and is developing physics understanding and design
concepts for the next-step Integrated Beam Experiment (IBX), an Integrated Research
Experiment (IRE), and a fusion driver. Three dimensional (3D) particle-in-cell (PIC) simulations
of the HCX clarified the influence of an overly-long injector voltage pulse rise time and
motivated an injector triode retrofit for reduced aberrations; transverse-plane 2D PIC simulations
are guiding the experimental determination of limits on the beam-pipe fill-factor (a significant
determinant of driver cost). Tomographic syntheses of the 4D transverse particle distribution
function from a small number of 2D phase-space measurements have been developed and are
being used to initialize HCX simulations [7]. Analyses and simulations of the final drift
compression process have also been carried out. Initial studies of the generation and trapping of
stray electrons in the ion beam self-fields have been performed. Nonlinear perturbative

FIG. 5: The NTX beam is apertured both to control the beam current and perveance, and to
improve the downstream beam quality for focusing experiments. This figure shows that effects of
secondary electron clouds from the beam aperture can be mitigated with proper bias on the
trapping electrodes.

Slit-integrated density profile

εN= 0.050 π mm-mr
Experiment

Calculated
(EGUN)

(εN from source
temperature
alone =0.03π mm-mr)

FIG.6.  Line density
profiles (left) and
measured emittance
(right) of the high
brightness apertured
NTX beam compared
to that expected from
the source temperature
alone.
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simulations in 3D have clarified the detailed behavior of collective instabilities driven by beam
temperature anisotropy [8] and by interactions with unwanted background electrons [9].
Analyses and simulations [10, 11, 12] are clarifying the influence of charge and current
neutralization on beam focusing in NTX and in a fusion chamber. This work is providing the
basis for a benchmarked source-to-target modeling capability that will greatly aid the planning of
future experiments. Here, we present three selected topics: simulation studies of the HCX
injector and matching section, of the two-steam collective instability, and of beam propagation in
fusion-chamber plasmas.

Simulation of beams through the HCX injector and matching section Extensive 3D and 2D
WARP PIC simulations of the injector and matching section have helped explain the observed
phase space structure of the beam. Simulations and theory have shown that the relaxation of
collective modes launched by phase space distortions arising from an imperfect injector leads to
only modest emittance growth [13]. Continuing 2D and 3D simulations support the experimental
program by determining the expected beam properties, aiding in machine tuning and diagnostic
interpretation, suggesting additional diagnostics, offering guidance on required diagnostic
resolution, and guiding further improvements in the machine. Here, we present an example of an
integrated" calculation that gives a comprehensive view of the beam. The calculation begins by
using WARP in its 3D time-dependent mode on a 64×64×640 grid, computing space-charge
limited emission from the source as the injector voltages ramp up. FIG. 7(a). below shows a
frame from a movie of this calculation. The beam head is mismatched transversely (leading to
less than 0.1% particle loss) because its line charge density differs from the nominal, a result of
the overly-slow 800 ns rise time of the injector gate voltage. Simulations using a 400-ns rise time
show no loss (the actual rise time in HCX is slightly less than 800 ns). The particle data at the
injector exit plane is saved over the flat-top of the pulse. It is then used to initiate a WARPxy
slice" calculation (in a steady-flow 2D approximation on a finer 512 ×512 grid) of the mid-pulse
behavior through the matching section and ten electrostatic quadrupole lenses of the transport
line. A view of this later stage is shown in FIG. 7(b). below.  Detailed agreement of such end-
to-end  simulations with HCX results, complicated by incomplete characterization of machine
imperfections, remains a goal; simulations initialized tomographically  from experimental data,
which complement fully integrated runs, have been initiated. Integrated simulations (with
ensembles of random machine errors within projected tolerances) will be important to the
planning of the IBX and other future experiments.

Two-steam collective instabilities In the absence of background electrons, the Beam Equilibrium
Stability and Transport (BEST) code has demonstrated quiescent (stable) beam propagation over
thousands of equivalent lattice periods [14]. In the presence of a large population of background
electrons, however, a strong two-stream instability is observed. FIG. 8 below shows that this
instability leads to a dipole (m = 1) transverse displacement of the beam ions and background
electrons. Detailed properties of the mode have been determined as functions of beam intensity
and axial momentum spread [15, 16]. The code has also been used to model an observed
instability in the Proton Storage Ring (PSR) at Los Alamos.
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FIG. 7. WARP simulation of HCX: (a) beam
head in injector; (b) mid-pulse in matching
section and transport line.

FIG. 8. BEST simulation of two-steam instability
with electron density 10% that of the beam,
showing perturbed potential.

Studies of beam propagation in fusion-chamber plasmas In a heavy ion driver the energy is
delivered to the target in a time-shaped pulse consisting of lower energy "foot pulse" beams that
arrive first, followed by the main pulse beams. The 3D PIC code LSP [12], which offers an
implicit particle/fluid hybrid model, has been used to make realistic  simulations of driver-like
foot and main pulses in a target chamber. In these calculations, the beam enters the chamber
through a conical three-meter beam port with layers of hydrogen plasma near each end to pre-
neutralize the beam, then drifts three more meters through low-density BeF2 vapor to a 5-mm
radius target. In these simulations the main pulses have 2.8 kA of 2.5 GeV Xe+1 ions, and the
foot pulses have 947 A of 1.9 GeV ions. These runs allow Child-Langmuir electron emission
from conducting walls, and several also include time-dependent photo-stripping of the beam and
photoionization of the background gas by X-rays from the heated target. Although these
processes have major effects on the beam charge state and on the density of free electrons near
the target, their overall effect in the cases examined to date is a modest reduction in the beam
spot size [17]. Results from a typical main-pulse simulation are shown in FIG. 9 below, where
the beam density and electron densities from several sources are shown after 80 ns of transport.
At this time, electrons from the plasma layers and from the beam-pipe walls provide the largest
share of beam neutralization, although neutralization by photoionization electrons becomes
dominant when the beam pulse is within 50 cm of the target. An important finding of this and
similar simulations is that the beam waist for either type of pulse is close to values required by
current distributed-radiator targets [18].
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IV. Opportunities for collaboration with and benefits to other areas of science:

-With the high energy physics accelerator community now:
High-energy accelerators currently operated or planned for applications requiring intense ion
beams with beam potentials of order a kilovolt are discovering that electrons are being drawn
into the beam and causing ion beam losses. Consequently, these larger programs are making
efforts to determine causes, effects, and ways to mitigate the effects of electrons. There are some
very interesting simulation and diagnostic developments looking for, and modeling, electron
emission from beam pipe walls, and subsequent interactions with the ion beam. An example is
efforts to observe and understand the ion-electron two-stream modes in proton storage
ring/synchrotron facilities like SNS at ORNL and PSR at LANL [19,20]. The HCX and IBX
experiments will also look for changes in ion dynamics due to electrons. It is the electron
response to similar high beam line charge densities that creates the common interest, even
though the ion energy and pulse formats are quite different. The bigger accelerator programs
actually have no more advanced (in some ways less advanced) modeling efforts than those in

FIG. 9.  Simulations
of a 2.5 GeV Xenon
beam through a
fusion chamber using
the LSP code.
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HIF. The VNL is sharing its experience in the computation of electron effects with researchers
from LBNL who are studying these effects in the LHC at CERN.

-With the ICF and HEDP plasma physics communities in the future: The defense ICF program
has developed great understanding of inertial fusion targets and a remarkable set of simulation
tools to design these targets. Most of the physics of radiation-driven targets is common to all
drivers, so the understanding obtained by the defense ICF program has enabled the heavy ion
fusion program to develop a strong argument for the success of heavy ion targets without doing
ion target implosion experiments. Nevertheless, there are important ion-specific IFE target
issues, including design features to control time-dependent symmetry, ion range shortening, and
ion fast ignition that cannot be fully studied using lasers. Accelerator-driven targets may
ultimately have important advantages compared to other ICF and IFE approaches in terms of the
efficiency x gain product, beam illumination geometry compatible with protected-wall chambers,
and robustness to injection into hot gas-filled chambers. For high-energy-density plasma science,
the ability to deposit beam energy inside hohlraums without holes opens up the possibility of
target configurations inaccessible to lasers. Initially these experiments can be done in
collaboration with the dense plasma physics program at GSI with long range, 300 MeV/u ions.
Development of higher current, shorter-range (5-10 MeV/u) ion accelerators such as the IRE
could extend ion-driven HED plasma experiments to higher temperatures more relevant to HIF
targets.
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I. Introduction 
There is a large US program underway to develop a practical fusion power source based 
on lasers, direct drive targets, and solid wall chambers.  In this approach an array of high-
energy laser beams symmetrically and directly illuminates a cryogenic target that has 
been injected into a chamber. The target is a spherical shell of deuterium and tritium, 4 
mm in diameter and 0.4 mm thick.  The lasers ablate (or boil off) the outer layer of the 
shell, driving the remaining shell inward by the rocket effect.  The shell is compressed to 
such high densities (40 x solid) that a localized hot spot in the center undergoes 
thermonuclear ignition.  The resulting thermonuclear burn wave propagates outward 
releasing energy, which is converted to generate electricity.  Because the target is 
confined by its own inertia, this is in a class of fusion concepts known as Inertial Fusion 
Energy (IFE).   The attractiveness of the approach discussed here lies in its inherent 
simplicity, its separable architecture, and the modular nature of the laser driver. This 
lowers development costs and allows multiple options for the lasers, targets, and 
chambers.  This paper presents the issues and progress in developing KrF lasers as a 
driver for a fusion power plant. The issues and progress in the development of the other 
components needed for Laser Fusion Energy (e.g. targets, final optics, and chambers) can 
be found in the references.1   
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Electron beam pumped krypton fluoride (KrF) lasers are an attractive approach for a 
fusion driver.  They have very high beam spatial uniformity, which reduces the seed for 
hydrodynamic instabilities; they have a short wavelength (248 nm) that increases the 
rocket efficiency and raises the threshold for deleterious laser-plasma instabilities; they 
have the capability for “zooming”, (decreasing the spot size to follow an imploding pellet 
and thereby increasing the coupling efficiency); and they have a modular architecture, 
which reduces development costs.  Target designs, based on numerical simulations in 
both 1D 2,3 and more recently, 2D4 have shown that a target driven by a KrF laser can 
have a gain above 150, which is ample for a fusion system.  In addition to these laser-
target advantages, the Sombrero Power Plant study showed a KrF based system could 
lead to an economically attractive power plant.5   Development of KrF lasers has been 
pursued in Japan, 8,9 China, 10 Russia 11 the United Kingdom,12 and Los Alamos National 
Laboratory in the United States.13  Current research in the United States is centered on 
two lasers at the Naval Research Laboratory:  The Electra laser14 is a 400-700 J 
repetitively pulsed system that is being used to develop the technologies that meet the 
fusion requirements for rep-rate, durability, efficiency and cost. A photo of the Electra 
laser main amplifier is shown in Figure 1.  The Nike laser15 is a 3-5 kJ single shot device 
that is used to study issues with a full-scale (i.e. power plant-sized) electron beam diode.  
Nike is also used to investigate laser target interactions and benchmark the codes that 
underlie the target designs.  Nike generates a laser with the proper temporal (pulse) shape 
required for fusion, and ablatively accelerates planar targets with the same composition 
(low density foam wicked with cryogenically cooled liquid D2) and close to the same 
areal mass as those required for a high gain system.    
 
Although this paper concentrates on the fusion application, the electron beam/ gas laser 
technology described here is appropriate for other applications as well.  KrF lasers can be 
used in both industrial and directed energy applications.  Other wavelengths can be 
accessed by changing the laser gas.   Lasing in electron beam pumped systems has been 
demonstrated in Argon-Xenon at 1.733 µm,6  XeF at 351 nm, and others.7 

  
 

II. KrF Laser Basics  
KrF is an excimer (Excited Dimer) laser based on a molecular electronic transition to a 
ground state which immediately dissociates.  The process is as follows: 
 

Energy + (Kr + F2)  ⇒ KrF* + F   ⇒  Kr + 2F + hν (λ = 248 nm) 
 
where 248 nm is the fundamental wavelength.  The transition from the bound upper level 
to the strongly repulsive ground state results in a very large bandwidth,  typically on the 
order of 1-3 THz.  The laser gas is driven to the excited state (“pumped”) with electrons.  
In small systems (< 1 Joule, pulses of 10 nsec or less) the gas is pumped with discharges. 
This size laser is routinely used for semiconductor manufacturing.   In larger systems, 
such as the size required for a fusion driver (10 J to 10’s of kJ, pulses of 20-1000 nsec), 
the gas is pumped with electron beams.  The concept is shown schematically in Figure 2.  
The electron beams are created by using a pulsed power system to rapidly apply voltage 
across a cathode-anode gap.  The electrons are emitted by the cathode and driven across 
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the gap through a thin foil, which serves as the anode, and into the laser gas. The foil 
physically separates the diode region, which is at vacuum, from the laser cell, which is at 
atmospheric pressure or above.  The structure that supports the foil is known as a hibachi.  
Typically two electron beams are injected into the laser cell from opposite sides.  The 
laser axis is perpendicular to the electron beam propagation.  The beam voltage and laser 
gas pressure are adjusted to give a flat deposition profile across the laser cell, in order to 
produce a spatially uniform laser profile.  In most systems, the laser beam is amplified as 
it propagates through the cell, is reflected from a rear mirror, and is amplified again as it 
propagates back through the cell out through the entrance.  (This “double pass” laser path 
is not shown in Figure 1 for the purposes of clarity).  In a repetitively pulsed system a 
recirculator is needed to cool and quiet the laser gas between shots.   An external 
magnetic field prevents the electron beam from pinching as it propagates into the laser 
cell.   Large, single shot amplifiers have also been built without a magnetic field.8,9,12  In 
those systems many smaller diodes are arranged cylindrically about the laser cell.  
However the magnetically guided systems have proven to be more efficient and are more 
compatible with the gas recirculator needed for repetitive operation. 
 
 
II.A Pulsed Power Considerations  
The electron beam parameters are chosen to optimize the electron beam energy deposited 
into the laser gas, whose composition and pressure have been adjusted for maximum laser 
output to maximize the laser output energy.   The electron beam energy should be at least 
500 keV, in order to minimize losses in the hibachi foil. The laser gas pressure should be 
around an atmosphere with as little Kr as possible, in order to minimize quenching of the 
excited state (KrF*) that  becomes more prevalent at higher pressures. The electron beam 
power deposited in the gas (known as the pump power) needs to be in the range 400 
kW/cc -800 WW/cc in order to achieve reasonable laser gain without “burning up” the 
fluorine or overdriving the system to produce excessive Amplified Spontaneous Emission 
(ASE).  ASE is a loss mechanism that compromises the system efficiency.  The practical 
size of available output windows leads to laser cell dimensions along the electron beam 
of 30-100 cm.  The requirement to stop the electron beam in these distances at optimal 
gas pressures sets the voltage between 500 and 800 keV.   The pump power requirements 
then fix the current to between 100-200 kA.  The pulse length is determined by the total 
energy desired from the system, but there is a practical limit of around 500- 600 nsec due 
that arises from balancing the conditions for an efficient laser with the requirement to 
have the total laser output energy below the laser fluence damage threshold on the output 
window.   In addition to the above constraints, it is important that the voltage should rise 
and fall as rapidly as possible.   There are two reasons for this: 1) Because the voltage is 
lower during the rise and fall, the energy deposition is skewed towards the foils, leading 
to a non-uniform laser beam profile.  Thus the laser light produced during these times 
cannot be efficiently used for uniformly illuminating the target; and 2) the hibachi foil 
stops more electrons at lower voltages, hence compromising the system efficiency.  All 
of these constraints suggest that the best way to produce the electron beam is with a 
pulsed power system that produces a fast rise, a fast fall, and a flat top power pulse. 

 
 



 4

II.B Beam smoothing 
The large bandwidth of KrF enables one to use spatial and temporal incoherence to 
produce very uniform illumination of the target:   The instantaneous target illumination 
profile of a KrF beam has the speckle pattern characteristic of all spatially multimode 
lasers. However, the large bandwidth causes this speckle to change on a time scale that is 
short compared to the response time of the target.  Figure 3 shows the concept of ISI, or 
“induced spatial incoherence.” 16, 17 An aperture is illuminated with broadband incoherent 
laser light which propagates through the laser system and is imaged onto the target. As 
long as there are minimal aberrations in the optical system, the time-averaged aperture 
profile is faithfully imaged onto the target. The Nike laser at NRL has demonstrated this 
technique and produces a very uniform focal profile. As shown in Figure 4, the RMS 
speckle uniformity in each laser beam is on the order of 1.0-1.3%.15  This very high 
uniformity reduces the imprinting  of modulations on a fusion target, and hence reduces 
the seeding of hydrodynamic instabilities. 

 
 

II.C Time scale mismatches 
Electron beams require pulse durations of several hundred nsec to produce significant 
energy.  Yet the relaxation time of the excited KrF is less than 7 nsec: the relaxation time 
of KrF is 2 ns in the laser medium and the fluorescence lifetime is 7ns.  This “mismatch” 
is resolved by continually extracting the laser light during the electron beam pulse.  
Another mismatch occurs because the target physics requires an 8-16 nsec drive pulse.  
This is solved by “angular multiplexing” the laser beams.18   A single laser pulse (∼ 10 
nsec) is repeatedly divided into a series of pulses. These pulses are delayed and steered so 
that they are injected into the amplifier sequentially, but with each at a different angle.  
Thus, even though the pulses are on independent paths, the amplifier “sees” one 
continuous ∼100 nsec pulse. After amplification the delays are removed and all the beams 
are steered to allow the 10 nsec beams to simultaneously illuminate the target. 

 
 

II.D Pulse Shaping and Zooming 
For a fusion target, the laser pulse must be “shaped” with a low intensity foot followed by 
a high intensity main pulse.  The foot raises the isentrope of the ablator, which lowers its 
susceptibility to hydrodynamic instabilities.2   In a KrF laser this is accomplished by 
adding a Pockels cell to modulate the light at the low power front end of the laser train.   
It is also beneficial to temporally decrease the laser focal spot to match the compressing 
target.  This can boost the laser absorption by as much as 30% 2.  “Zooming” is 
straightforward with a KrF laser. Parallel tracks are added to the optical layout shown in 
Figure 2, with each track having its own unique sized aperture and a Pockels cell. By 
sequentially running the laser beam through smaller and smaller apertures, the laser spot 
size is decreased. One candidate target design 2 has three zooming steps. 
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III. Progress in Electron Beam Pumped KrF Laser Development 
In a fusion energy system the laser would consist of a series of identical beam lines.  
Thus it would be only necessary to develop one beam line in order to know how to build 
the entire laser system.   For example, in one topology under consideration there would 
be 40 beam lines with each beam line producing an energy of 60 kJ to produce a 2.4 MJ 
laser.  We believe that the technology for electron beam pumped gas lasers is sufficiently 
mature that it would require relatively modest development to build a system of this size 
that could fire on a single shot basis.  The main research challenge is to build one that is 
repetitively pulsed and can meet the fusion energy requirements for durability, efficiency 
and cost. These requirements, derived from both the target designs2,3,4 and power plant 
studies5, are given in the Table I (note that the first two are already met by a KrF laser): 
 

TABLE I: Requirements for an IFE Laser Driver 
 

Parameter Requirement 
  
Beam quality (high mode)         0.2% 
Optical bandwidth       3 THz 
Beam power balance 2% 
System efficiency 6-7% 
Cost of entire laser $360/J 
Cost of pulsed power  $5-10/J(e-beam) 
Rep-Rate 5-10 Hz 
Durability (shots)1  3 x 108 

Lifetime (shots) 1010 

 
1 Defined as shots between major maintenance (2 years at 5 Hz) 

 
This section describes our research and development to meet these specifications.  It is 
organized along the key components shown in Figure 2. 
 
 
III.A  Pulsed Power 
Generally the two electron beams are powered by their own independent pulsed power 
system.  This eliminates the need for complicated and convoluted power feeds.   This 
section discusses the three types of pulsed power systems used for KrF lasers, single shot, 
a repetitively pulsed platform for component R&D, and an advanced system for practical 
applications. 
 
 
III.A.1.  Single Shot Pulsed Power Systems 
The pulsed power design for a single shot system is fairly straightforward. An example is 
shown in Figure 5, which shows the overall schematic of the Nike Laser 60 cm amplifier. 
19   (The name is derived from the 60 cm x 60 cm optical aperture.)  This is the final 
amplifier in the Nike system.   The pulsed power consists of a gas switched  Marx 
generator (168 kJ stored energy) that pulse charges four water insulated coaxial water 
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pulse forming lines to 1.4 MV in about 3.5 µsec.  The pulse forming lines (PFLs) are in 
two sections: a 145 nsec long, 5 Ω main section, followed by a 20 nsec long, 4 Ω peaker 
section.  The peaker gives a higher voltage to the leading edge of the pulse and thus 
reduces the power rise time.  The PFLs  are discharged through laser output switches into 
the electron beam diode. The output switches are SF6 -insulated and all eight (four per 
side) are triggered by a quadrupled ND-YAG (266 nm) laser.  Reliable, low jitter 
triggering (< 2 nsec each switch, < 6 nsec first to last among all eight switches) is 
achieved when the laser intensities are greater than 9 GW/cm2.   The power from each 
switch is fed through its own SF6 - insulated feed section to a common cathode shell.   
The emitter (cathode) is a velvet cloth that is stretched and glued over an aluminum 
mandrel, which in turn is pressed into the cathode shell. The overall emitter dimensions 
are 200 cm × 60 cm. Each side produces a 650 kV, 580 kA, 250 nsec flattop electron 
beam. 
 
 
III.A.2 Repetitively Pulsed System for component R&D. 
An example of a repetitive pulsed power system is the one used in the Electra Laser 
Facility20.  This system produces two 500 kV, 100 kA, 100 nsec electron beams at a 
repetition rate of 5 Hz.  The pulsed power can run continuously for 100,000 shots, with 
electron beam runs of 10,000 shots or more commonplace.  This “First Generation 
System” is more than adequate to start the development of the other laser components 
(cathode, hibachi, KrF physics, etc) for IFE, and may be sufficient as is for other 
applications.   A schematic of the First Generation System is shown in Figure 6.  (There 
are two such systems, one for each electron beam.)  A capacitor bank is charged to 86 kV 
and is discharged through the primary side of a 12:1 step-up auto-transformer.  The 
secondary side resonantly charges two parallel water-insulated pulse forming lines (PFL) 
to 1.07 MV in 3.94 µsec.  The single-pass transit time of each PFL is 59.5 nsec, but 
following Nike practice each line is composed of two sections: a 49.5 nsec long, 8.5 Ω 
line, and a 10 nsec long, 6 Ω “risetime peaker” section.   Also, as in Nike, the power 
flows from each PFL, through its own laser-triggered gas switch and “inside-out” 
vacuum insulator, to a common cathode. This arrangement can be seen on the right side 
of Figure 6. The system can accommodate a wide variety of emitter materials.  The 
duration of the continuous runs are limited by erosion of the Elkonite output switch 
electrodes. Replacing these electrodes takes less than two hours.    
 
 
III.A.3 Advanced Repetitively Pulsed System 
While the Electra system is sufficient to develop the laser technologies, a more advanced 
pulsed power system is required to meet the fusion energy requirements for durability, 
efficiency and cost. Durability can be realized by using all solid state switching 
components, whereas efficiency and cost can be met by minimizing the number of pulsed 
power compression stages.  The latter requires that the switch in the primary energy 
storage stage be as fast as possible.  We have developed a design for an all solid state, 
single stage pulse compression generator that is projected to have a wall-plug to e-beam 
flat-top efficiency of 87%, and a cost of $8.45/Joule.  The prime store is an ultra fast 
(∼1.6  µsec) Marx generator, which, as shown in Figure 7, will pulse charge a water 
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insulated PFL.  At peak charge, the energy in the PFL is be transferred by a magnetic 
switch into transit time isolator (TTI) and then into the electron beam load.  The TTI is a 
pulse line of the same length, geometry and construction as the PFL, and serves to 
sharpen the output pulse to minimize the voltage rise time.  The principal behind the 
magnetic switch is well established.21  An inductor is placed between the center 
conductors of the PFL and TTI, and is adjusted so that it blocks the current until the PFL 
is charged to peak voltage.  At that point the core saturates, its permeability (and hence 
inductance) rapidly drops, and charge is quickly transferred through the inductor on a 
time that is much faster than the charge time.  Our application follows the topology 
pioneered at LLNL22 and more recently in the Sandia RHEPP modulator.23  In practice 
this circuit can achieve about a factor of three to four in pulse compression.  As the 
output voltage pulse is in the range of 400-600 nsec, the requirement to have just one 
magnetic compression stage requires that the PFL be charged in about 1.6 µsec or less.  
 
We are developing a new type of switch to meet these ultra fast switching requirements. 
This Laser Gated and Pumped Thyristor (LGPT),24 is shown schematically in Figure 8.  
The device consists of a four-layer, solid-state switch that is optically triggered by two 
on-board diode laser arrays. The lasers flood the entire switch volume with photons to 
yield switching times of less than 100 nsec. A thyristor was chosen because its internal 
feedback produces current gain as well as voltage gain, and because the primary energy 
transfer requires closing commutation only. Laser gating of such a device has been shown 
to dramatically reduce closing time and commutation losses.25   
 
The fast Marx application described above requires a fast closing switch that can operate 
at 16.4 kV, and can carry approximately 2500 Amps/cm2 with a peak rate of rise of 
current of di/dt ≥ 10 kA/µsec/cm2.   This working voltage calls for a bulk breakdown 
design of 23-25 kV, which in an asymmetric design leads to a device that is nominally 2-
2.5 mm thick. The optimum laser wavelength for gating and pumping is chosen through 
an iterative trade-off between absorption length, interface characteristics, electrical 
design (thickness and doping of bases and emitters) and quantum efficiency. For this 
purpose we have constructed models that predict the optical and electrical characteristics 
using a 2D semiconductor device design code.26  The dI/dt is determined by the rate-of-
rise of optical fluence provided by the drive laser.  The nominal conversion ratio (for 
these wave-lengths in silicon) is 1 J/Cb or 1 W/Amp.  As the current laser diode bars and 
drive circuitry can produce rates of rise approaching 100 kW/ µsec/cm2, the expected 
current rate of rise is 100 kA/µsec/cm2.   

 
The LGPT will be configured in a rail gap geometry to facilitate the extremely low 
inductance needed for the fast Marx. The device is shown Figure 9, and has a 14 cm2 
active asymmetric thyristor and a 2 cm2 inverse parallel diode arranged as two 1 cm x 8 
cm strips in a common envelope. Gating and pumping laser arrays, along with their drive 
electronics, are an integral part of the package.   
 
In our first tests of this concept we modified an off-the-shelf Thyristor to accommodate a 
single diode laser array and its optical coupling.  The switch operated at 3.2 kV for 105 
shots at 5 Hz.  The current density was 2.7 kA/cm2 (121% of the IFE system requirement) 
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and the current rate of rise was 1.4 x 1010 A/sec/cm2 (140% of the IFE requirement).  We 
have built a second-generation switch that uses advanced, purpose-built construction 
techniques, including both anode and cathode gating arrays. This switch is designed to 
operate at the full IFE-required operating voltage of 16.4 kV, and our tests are nearing 
that goal as this is written.  Further details on this device can be found in the references.24  
 
 
III.B Cathode development 
The electron beam is emitted from the cathode, and its specifications are set laser 
requirements.   The electron beam current must rise and fall quickly and be spatially 
uniform. The former is to limits energy deposition in the foil, as discussed in Section 
II.A, the latter ensures uniform deposition in the laser gas across the electron beam.  The 
electron beam must also have a near constant voltage throughout the pulse, to ensure a 
uniform the energy deposition across the laser cell (in the direction of the electron beam). 
This is facilitated by choosing cathodes that minimizes the velocity of the plasmas 
produced by the anode or cathode.  The cathode current density, j, obeys the relativistic 
formulation of Child’s Law27, j = 2.7[(V/0.51+1)1/2 -.0.85]2/d2, where j is in Amps/cm2, d 
is the A-K gap in cm, and V is the diode voltage in MV.  Thus this plasma motion 
shortens the A-K gap, raises the current, and because the available amount of energy in 
the diode is fixed, lowers the voltage.    We have set the requirements for the cathode as:  
rise time (< 40 nsec), uniformity (< 5%), closure velocity (< 1 cm/µsec), pulse length 
(100-600 nsec), and durability (> 3 x 108 shots). On a more practical note, it is also 
important that the cathode design limit the amount of gas evolved to minimize the size of 
the vacuum pumps needed to maintain the diode vacuum during extended repetitively 
pulsed runs. 
 
We are evaluating a number of cathodes that can meet these requirements.  Our work has 
concentrated on cold (field emission) cathodes. This is based on their simplicity, low 
cost, practically zero power consumption, ability to operate at ambient temperatures, and 
relatively modest vacuum requirements (10-4 Torr).  Several emitter materials are under 
evaluation.  Ultra fine double velvet cloth meets the first three performance requirements, 
but tends to degrade after 10,000 shots on Electra, and is not expected to meet the 
durability needs.  Cathodes based on carbon fibers woven into an aluminum base plate 
appear to have longer lifetimes, but have uniformity issues.  Also promising are emitters 
formed from carbon fibers bonded to a carbon substrate.  To date we have evaluated 
seventeen different cathodes. Details of these cathode studies can be found in the 
references.28 
 
One of the more promising technologies we have developed is to place a ceramic 
honeycomb structure in front of the emitter surface.29  The ceramic improves the 
uniformity, decreases the rise and fall times, reduces the post shot evolved gas, and 
extends the lifetime of every cathode we evaluated. The ceramic is made of cordierite, is 
5 cm thick, and composed of close packed square capillaries, with a pore density of 300 
ppi.   The ceramic is situated such that one surface is 2 mm from the emitter surface, and 
the other defines the A-K gap.  There are three underlying mechanism for the 
improvements: 1) The close proximity of the relatively high dielectric constant ceramic (ε 
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= 6.3) reduces the localized reduction in electric field caused when one part of the emitter 
produces electrons. The electron beam is composed of a large number of beamlets.  
Theory and simulations show that the space charge produced by each beamlet reduces the 
electric field in adjacent areas, which delays those areas from emitting.  The ceramic 
screens this localized field, allowing the field to remain uniform and hence all of the 
potential emission sites to emit.  2) The capillaries provide a plentiful source of 
secondary electrons. Multiplication factors of 106 or more are anticipated from our 
modeling. These secondaries quickly (less than 1 nsec) generate a plasma that electrically 
connects the emitter/ceramic gap.  Thus the primary source of beam electrons comes 
from the inside of the capillary wall, and not explosive emission from the cathode 
material itself. This should significantly reduce erosion from the cathode with a 
concomitant increase in lifetime. 3) The large surface area of the capillaries absorbs 
gasses produced by the cathode and hence limits the amount of material that is released.  
Coating the inside of the ceramic with gamma alumina, which acts like a reactive sponge 
to absorb residual gases, showed even further decreases in the post shot diode pressure 
rise. 
 
Results from the first tests with the honeycomb ceramic cathode arrangement are shown 
in Figure 10. Note the ceramic decreases the power rise time (in these shots the observed 
rise was actually diagnostic limited), decreases the power fall time, and produces a flatter 
power pulse. In addition, the diode pressure after the shot was reduced about five fold.  In 
the case of the carbon fiber cathode, the RMS non-uniformity of the electron beam 
dropped from 14.8% to 4.6%.   Further details can be found in the references.29 
 
 
III.C. Electron Beam Diode Physics 
Planar, space charge limited electron beam diodes are subject to the “Transit Time 
Instability”.  The diode acts like a parallel plate microwave cavity that allows RF waves 
to propagate back and forth. The instability imparts an axial velocity spread to the 
electron beam, which both lowers the electron beam energy that is deposited into the gas, 
and increases the amount of energy deposited into the hibachi foils.  The growth rate of 
the instability depends on the diode size and geometry. The instability has been observed 
with experiments on both Electra and the Nike 60 cm amplifier, and has been 
successfully modeled with a particle-in-cell (PIC) code.30    The PIC modeling also 
showed the instability could be mitigated by precisely slotting the electron beam emitter 
(cathode) and loading the slots with microwave absorbing material.  The slots and 
absorbers turn the diode into a slow wave structure that attenuates the RF waves from 
propagating at the fundamental transit time frequency.  Figure 11 shows the results of 
experiments on the Nike 60 cm amplifier31.  The upper half shows the initial 
configuration with a monolithic cathode.  The plot shows the measured fast Fourier 
transform of the rate of change of current (dI/dt). The dominate peak at 2.5 GHz is in 
agreement with modeling.   The lower half shows the slotted cathode (with microwave 
absorbers inserted into the vertical slots) and the corresponding Fourier transform of 
dI/dt.  Note the amplitude of the instability is reduced by a factor of 40,000, i.e. 
effectively quenched.  Our measurements with a stacked foil energy spectrum analyzer 
confirm that the resulting electron beam is close to mono-energetic. 
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III.D. Hibachi Development 
The hibachi holds the pressure foil that isolates the laser gas from the vacuum region of 
the electron beam diode.  Typically the hibachi consists of a series of parallel ribs that 
support the foil. The hibachi must be as transparent as possible to the electron beam, in 
order to maximize the electron deposition into the gas. It must also be able to withstand 
the static pressure from the laser gas and the cyclic hydrodynamic shocks induced by the 
electron beam as it deposits its energy into the gas.   The foil itself must be resistant to 
damage from electrons, x-rays, uv light, and fluorine, and have a low reflectivity in the 
uv to prevent unwanted ASE transverse to the main optical axis.  Fluorine compatibility, 
low uv reflectivity and high electron beam transmission generally limits the choice of foil 
materials to titanium or stainless steel.   High transmission requires not only that the foil 
be as transparent as possible to electrons, but also that the laser gas composition and 
pressure be adjusted to minimize back scattered electrons. 
 
An example of a standard hibachi designs is shown in the upper half of Figure 12.  The 
rib structure supports the pressure foil on one side, and an anode foil on the other side, i.e 
facing the electron beam. The electron beam is emitted from a monolithic cathode.  The 
electron energy deposition efficiency was only about 35-40% with this arrangement.19  
This efficiency is defined as the ratio of the energy deposited in the laser gas divided by 
the electrical energy in the diode. For these purposes we only consider the energy 
deposition during the 100 nsec flat top portion of the electron beam pulse. 
 
We have developed a hibachi concept that demonstrates energy deposition transmission 
efficiency of > 73% on Electra.  Efficiencies of > 77 % are expected in a 800 keV 
system. The concept is shown in the lower half of Figure 12. The high transmission 
efficiency was achieved with two innovations: 1) Eliminating the anode foil that is 
customarily placed on the diode side of the hibachi structure, and 2) Patterning the 
electron emitter into strips so the beam “misses” the hibachi ribs. While conceptually 
simple these are difficult in practice:  The individual beam strips spread while passing 
through the hibachi due to the highly non-uniform electric fields caused by eliminating 
the anode foil, and they rotate and shear due to the beam’s interaction with the applied 
magnetic field. We compensate for these by narrowing the emitters and “counter-
rotating” them so the beam strips propagate parallel to the ribs when they get to the 
hibachi.  Note that slotting the cathode into strips also eliminates the “transit time” 
instability as described above. 
 
While the topology of the strips can be determined empirically on Electra, this does not 
give us the predictive capability needed to design larger systems. This is a rather complex 
phenomenon to model and requires a full 3-D PIC simulation of the exact experimental 
geometry, including the rib structure, laser gas, and magnetic field.  This was achieved 
with the Large Scale Plasma (LSP) code developed by MRC, Albuquerque. The 
simulations accurately predict both the cathode counter rotation angle and the energy 
deposition efficiency.32 The electron beam depicted in the lower half of Figure 12 is an 
LSP simulation of a beam “strip”.  The field shapers shown in the figure are used to 
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reduce the current density enhancement that would normally occur at the edge of an 
electron beam.33  Further details on the hibachi results can be found in the references.34 

 

 

III.E  KrF Physics/Laser Operation 
Electron beam pumped KrF lasers have been in operation for quite awhile, under a wide 
range of operating conditions, and with outputs ranging from a few tens of Joules to 
several kJ.8,9,10,11, 12, 13, 15,  35, 36 ,37   All of these have been single shot devices.   In the 
interest of brevity and painting a coherent picture, only the results from the Electra 
repetitively pulsed laser will be presented here.  A very comprehensive discussion of KrF 
laser physics can be found in the references.38 

 
Electra has been operated as an oscillator.  The laser cell is 30 cm wide (between pressure 
foils) by 30 cm high, by 100 cm long (along the laser axis).  The laser resonator was 
created by adding a flat 98.5% reflecting rear mirror and an 8% reflecting output coupler. 
The required output coupler reflectivity was determined using the well established Rigrod 
formula.39   The laser gas pressure was varied between 1.0 and 2.0 atm, at various 
concentrations of fluorine, krypton, and argon.  The results are shown in Figure 13. At 
lower absolute pressures, the laser output decreases because the electron beam deposition 
decreases. At higher absolute pressures, the maximum laser output occurs at a pressure 
below that needed to fully stop the electron beam in the laser cell. This occurs or two 
reasons. First, deleterious three-body  dissociation of KrF, namely the reactions 
KrF+Ar+M ⇒ ArKrF+M and KrF+Kr+M ⇒ Kr2F+M, increases with pressure. (Here M 
is either Kr or Ar).  Note the laser output also drops at higher krypton concentrations for a 
given pressure.  This is because the three body rate constant with Kr is four times that of 
argon, and excess Kr leads to Kr2F which absorbs the 248 nm laser light.  Second non-
uniform e-beam deposition at higher pressures, particularly in the case of pure Kr, 
reduces the extraction efficiency. 
 
The maximum laser output was found to be 510 Joules.  In this case the electron beam 
pump was 700 kW/cc, the laser gas pressure was 20 psi, and the gas composition was 
39.75% Kr, 60.0% Ar and 0.25% fluorine.  The maximum laser energy was observed at 
fluorine concentrations of 0.25%. At lower concentrations there is insufficient fluorine to 
allow maximum lasing throughout the pulse (the so-called “fluorine burn up”), whereas 
at higher concentrations the excess fluorine absorbs the laser light.  Complete details of 
our first laser operation can be found in the references.40 
 
Of particular importance to an IFE system is the intrinsic efficiency of a KrF system.   
Figure 14 shows the laser output pulse superimposed on the electron beam deposition 
pulse.  The deposited electron beam power is determined by measuring the pressure rise 
in the gas after the electron beam deposits its energy, and allowing another 10% for 
radiation.   At the peak of the laser pulse the observed intrinsic power efficiency is 
~8.4%.  This observed efficiency is, after accounting for the actual window transmission 
in the Electra experiments of 70%-80%, consistent with previous investigations: In one 
case 12% efficiency was achieved with 10% Kr and a pump rate of 1800 kW/cm2 for a 
relatively short (50 nsec) pulse.41   In another case the same efficiency was achieved with 
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a 99.6% Kr mixture pumped at a relatively low rate (150 kW/cc) for a much longer pulse 
(200 nsec).35 
 
The intrinsic efficiency of Electra as an amplifier is expected to be around 12% because it 
will be run without an output coupler and the windows will have higher transmittance.  In 
addition, an amplifier is intrinsically more efficient because it is not amplifying a very 
low input in the early times as in an oscillator.  In other words energy is not wasted to 
build up the gain.   For comparison, other experiments have reported intrinsic KrF 
amplifier power efficiencies in the range of 12-14%.35 

 
We are developing a first principals KrF kinetics code, called “Orestes” to understand the 
laser behavior and to develop a design tool for future systems.  Orestes includes the 
electron deposition, plasma chemistry, laser transport and amplified spontaneous 
emission (ASE). The deposition and laser transport is currently treated in 1D, whereas the 
ASE is modeled in 3D. The code follows over 22 species in at least 130 reactions.  In 
Orestes the e-beam ionization and excitation is determined from a Boltzmann analysis of 
the electron energy distribution function.42, 43    The code includes spatial resolution along 
the laser axis to account for the change in gain from mirror to front window, and carries 
out detailed energy conservation (better than 1%) to account for the e-beam input, laser 
input, plasma thermal and internal energies, the Amplified Spontaneous Emission (ASE), 
and the laser output. Besides the gas phase kinetics, Orestes includes the two excited 
electronic states of KrF* with vibrational levels up to ν=53, and includes transitions 
between these states and levels.   The time dependence is fine enough to allow modeling 
of short pulses (shorter than the transit time between the amplifier sides). ASE gain 
narrowing is included by performing a multi-frequency transport of the incoherent light 
around 248 nm.   Further details on Orestes can be found in references.44  
 
Orestes has accurately predicted the laser output of several different KrF amplifier 
systems over a wide range of conditions.  Figure 15 compares the results from the Nike 
60cm amplifier19, as well as two experiments performed at Keio University.35   Orestes 
has been used to model the Electra oscillator as well. It predicts the observed trends, in 
particular the drop in output at the higher pressures and higher Kr concentrations due to 
three body interactions. However there is not as good a quantitative agreement as in the 
amplifier results in Figure 15.  It also predicts the shape of the fluorine dependence curve, 
but predicts the peak at a slightly higher concentration.   This has been observed before45 
and may require the code to include a recycling mechanism for the fluorine negative ion 
to counteract the burn up at low concentrations.   The issue is important, because as 
pointed out above, fluorine is an absorber of 248 nm light, and some designs for a fusion 
scale laser beam line call for segmented electron beams with unpumped regions of the 
laser gas.  Thus one would like to operate at as low a fluorine concentration as possible. 
 
 
 
III.F  Overall KrF Laser System Efficiency 
Based on our current research, we project that the overall wall plug efficiency for an IFE 
sized KrF system will be greater than 7.0%.  The breakdown is shown in Table II: 
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Table II, Projected Efficiency Accounting for a large system 
 

Component Basis Efficiency 
Pulsed Power Advanced Switch 87% 
Hibachi No Anode, Pattern Beam 77% 
KrF intrinsic Electra Experiments 12% 
Optics to target Estimate 95% 
Ancillaries Pumps, recirculator 95% 
                        Total 7.2% 

 
This table should be considered provisional, and future research will be directed towards 
refining these projections. Among the factors yet to be investigated are: losses due to 
angular multiplexing of the laser beams (each beam does not fully fill the laser cell) and 
pulse shaping (faithfully amplifying high contrast pulse shapes); and gains due to physics 
optimization and possible recirculating of the laser gas waste heat.5 

 
 
III.G Repetition Rate Issues 
We have operated Electra as an oscillator in 10 shot bursts at 1 Hz.  The results are 
shown in Figure 16.  The energy was 504 +/- 17J per pulse, which is effectively the same 
as the single shot result.  There was no systematic degradation in energy throughout the 
burst. These shots were taken without any cooling so the laser gas temperature rose by 
about 74 C over the ten shot run.  The constancy of the laser output suggests that the 
kinetics are not dependent on the laser gas temperature, at least in this range of pressure 
and temperature.  The duration of these first tests were limited by a lack of cooling. 
 
 
II.G.1 The Gas Recirculator 
The laser gas will be cooled with a recirculator.  The recirculator will also quiet the gas 
before each shot to ensure that the KrF laser beam is very uniform.  This uniformity is 
essential for achieving high quality laser focal profiles. Of particular importance is the 
elimination of short scale-length, ordered temperature variations perpendicular to the 
aperture.  The EMRLD laser program successfully addressed this problem:  The gas in 
the laser cell was circulated through a series of mixing plates, diffusers, and heat 
exchangers. This enabled the EMRLD laser to faithfully amplify a 1.3 x diffraction 
limited laser beam.46   The shot rate was 100 Hz, and the (supply- limited) duration was 
1.0 second.    We have designed and built a gas recirculator for Electra based on the same 
principles as EMRLD but with a different technology.  The recirculator can be seen as the 
vertical ductwork in the photo of Figure 16.  The gas is circulated at nominally 4 m/sec, 
and our modeling has shown that the recirculator should be able to quiet the laser gas 
density variations to better than ∆ρ/ρ = 10-4. 
 
 
III.G.2 Hibachi Foil Cooling 
Our measurements and calculations show that the foils absorbs 1 to 1.5 W/cm2 on Electra.   
We expect similar numbers in a full size system. This heat can be removed with the 
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recirculating laser gas. Obviously a quiescent gas flow is not conducive to removing heat, 
but that can be overcome by periodically tripping the gas into turbulence.  This is 
accomplished by installing a set of moveable airfoils, or louvers, just upstream of the 
laser cell.  Before the electron beams fire, the louvers are parallel to the gas flow to 
ensure the laser gas is uniform and quiescent.  Immediately after the electron beam pulse 
the louvers are rotated sideways to block all but a few cm of the 30 cm wide gas flow 
channel.   This trips the gas into turbulence and removes heat from the foils. After 100 
msec, the louvers are fully opened, which gives ample time for the gas to return to a 
quiescent state for the next shot.   The first tests of this have demonstrated that we can 
cool the foils with this technique.   Figure 17 shows the foil temperature (as measured 
with a thermocouple) for three different conditions with the system operated at 1 Hz. The 
working gas was argon and thus there was no laser in these tests.  With no cooling at all, 
the foil temperature reached 360 C, whereas with the gas flowing and the louvers 
actuating, the foils temperature lowered to 140 C.   We have taken 1250 shots continuous 
at 1 Hz, with no degradation in the foil.  Runs at 5 Hz show a considerably higher 
temperature, but these were not performed at the full laser gas velocity or pressure.  For 
further details, see the references.34 

 
The maximum repetition rate with this approach is practically limited to around 10 Hz. 
While these rep-rates are sufficient for fusion energy, other applications may require a 
higher repletion rate.  For those cases we are developing a second technique that 
continually sprays an aerosol mist of helium or air and water onto the hibachi foil. The 
water changes phase as it impacts the hot foil and hence absorbs significant amounts of 
heat, which is then carried off as steam in the stream.  Preliminary bench top 
experiments, backed with computational modeling, have shown this method will be more 
than adequate to remove the expected system heat loads47 and is adaptable to rep-rates up 
to 250 Hz.   While this approach requires the use of an anode foil, with its attendant 
efficiency issues as discussed in Section III.D, the penalty is estimated to be in the range 
of 5% at the approximately 800 keV electron beam voltages expected for a full scale 
beam line.  A test module for evaluation on Electra is under development. 

 
 

III.H. Amplifier Window Development 
The amplifier windows operate in a hostile environment--intense laser light, fluorine, uv, 
x-rays, electrons, and, if water is present, HF.   CaF2,  MgF2, and sapphire have proven to 
have good resistance to fluorine and to a lesser extent HF. In a clean system with no 
water, quartz can be quite resistant as well.  Quartz is usually the best choice for large 
aperture (> 20 cm) systems, due to the availability of materials.   Studies by Zvorykin 
have shown that induced residual in absorption in the bulk material from electrons and x-
rays are significant in MgF2, but far less (OD ∼ 0.1) in quartz or CaF2.48   No matter 
which of these materials are chosen, all will require an index matching dielectric coating 
to minimize transmission losses.  While the development of the coatings is ongoing, good 
fluorine laser resistance, high laser damage threshold resistance, and high transmission at 
248 nm (nearly 95.5% on one surface coated, which should yield better than 99% for 
both surfaces) has been obtained with a Alumina/MgF dielectric stack applied on a silica 
substrate.    The transmission was measured after laser damage testing. 
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IV. Next Generation System 
As discussed in the beginning of Section III, a full scale beam line for a fusion power 
plant would produce about 50-100 kJ of laser light.  It is preferable to have a parallel 
array of pulsed power systems driving the electron beams, rather than a single one.  This 
is to minimize thermal issues, allow for manageable systems, and to minimize damage 
from fault modes. Accordingly, we are presently evaluating a large amplifier that uses 
segmented cathodes.  The concept is shown in Figure 18, and follows a design first 
proposed by McGeoch.49  The laser gas would be pumped by an array of electron beams, 
with each beam powered by its own pulsed power system of the designs shown in Figure 
7.   Each cathode would be in the range of 50 cm wide by 100 cm high, and thus be 
smaller than the one used in Nike. The characteristic dimension of the optical aperture 
would be on the order of 100 cm or less, which is again comparable to existing facilities.  
One issue with this segmented approach is the “unpumped regions” between the cathodes 
that are not pumped by the electron beams. As discussed at the end of Section III.E, 
fluorine is an absorber, and having these unpumped regions may compromise the 
efficiency.   This issue is being evaluated in detail.  If it turns out to be serious, there are 
techniques, such as shaping the cathode and hibachi foil, to minimize, if not eliminate 
these regions.  
 
  
V. Summary/Acknowledgements 
We are developing KrF laser technologies to meet the IFE requirements for rep-rate, 
efficiency and durability.  Advances in pulsed power, electron beam propagation, hibachi 
design and KrF kinetics lead to a predicted overall efficiency which should be sufficient 
for IFE.  We have operated an electron beam pumped KrF oscillator in a repetitively 
pulsed burst mode, and found the output to be constant at 500 J over the range of the run.   
A method to cool the pressure foil by deflecting the laser gas appears to be feasible, 
based on preliminary experiments. 
 
The authors wish to thank T. Albert, J. Dubinger, R. Jones, A. Mangassarian, F. Mora, 
and W. Webster for their technical and engineering support. This work is sponsored by 
the US Department of Energy, NNSA/DP. 
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VI. Figure Captions 
1. The Electra Laser Facility. Note the ladders for scale. 

 
2. Key components of an electron beam pumped KrF laser 

 
3. Optical train of a KrF laser.  The focal profile is rapidly smoothed on the time 

scales of interest.  The spatial profile at the aperture is imaged onto the target. A 
Pockels cell is used to control the laser temporal pulse shape. 

 
4. The measured focal profile of one of the Nike Laser beams. 

 
5. Layout of the Nike 60 cm amplifier.  This is the largest and final amplifier in the 

system.  The PFL’s  are bent through 90 degrees because of space considerations 
 

6. Layout of the pulsed power for the Electra Laser system. Only one of two sides is 
shown. 

 
7. Schematic of the advanced pulsed power system, using an ultra fast Marx and a 

magnetic switch.  
 

8. Concept of the Laser Triggered and Pumped Thryristor (LGPT). 
 

9. Conceptual design of an LGPT for use in the ultra fast Marx Shown in Figure 7. 
 

10. Comparison of power and voltage waveforms without (upper) and with (lower) 
the ceramic honeycomb placed in front of the emitter.  

 
11. Cathode configurations (left) and Fast Fourier transform of dI/dt (right).  Upper 

shows results from monolithic cathode. The FFT shows instability at 2.5 GHz. 
Lower shows results that slotted cathode completely suppresses the instability.  

 
12. Upper: Conventional hibachi configuration.  Lower: High energy deposition 

hibachi configuration.  The electron beam is shown as an LSP simulation. 
 

13. Laser output as a function of laser gas pressure and composition. 
 

14. Laser and e-beam deposition powers. 
 

15. Predictions of Orestes KrF Physics code for two different experiments. 
 

16. Laser oscillator output for a ten shot, 1 Hz burst. The continuously rising curve is 
the cumulative laser energy measured with a full aperture (33 cm x 33 cm) 
calorimeter.  Note the calorimeter cools slightly between shots.  The individual 
spikes are the calculated laser energy for each shot, obtained by compensating for 
the measured calorimeter cooling rate. The average laser energy is 500 J per shot.  
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17. Foil temperature under various conditions 
 
18. Conceptual arrangement of a full scale laser beam line following Ref 49. All 

dimensions are approximate, and given to show scale only.   
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1. The Electra Laser Facility. Note the ladders for scale. 
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2. Key components of an electron beam pumped KrF laser 

Laser Gas
Recirculator

Input Laser

Foil
Support
(Hibachi)

Amplifier
Window

Electron
Beam

Cathode

Laser Cell
(Kr + F2)

Pulsed
Power
System

Laser Gas
Recirculator

Input Laser

Foil
Support
(Hibachi)

Amplifier
Window

Electron
Beam

Cathode

Laser Cell
(Kr + F2)

Pulsed
Power
System



 25

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3. Optical train of a KrF laser.  The focal profile is rapidly smoothed on the time 
scales of interest.  The spatial profile at the aperture is imaged onto the target. A 

Pockels cell is used to control the laser temporal pulse shape. 
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4. The measured focal profile of one of the Nike Laser beams. 
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5. Layout of the Nike 60 cm amplifier.  This is the largest and final amplifier in the 
system.  The PFL’s  are bent through 90 degrees because of space considerations 
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6. Layout of the pulsed power for the Electra Laser system. Only one of two sides is 
shown. 
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7. Schematic of the advanced pulsed power system, using an ultra fast Marx and a 
magnetic switch. 
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8. Concept of the Laser Triggered and Pumped Thryristor (LGPT). 
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9. Conceptual design of an LGPT for use in the ultra fast Marx Shown in Figure 7. 
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10. Comparison of power and voltage waveforms without (upper) and with (lower) 
the ceramic honeycomb placed in front of the emitter.   
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11. Cathode configurations (left) and Fast Fourier transform of dI/dt (right).  Upper 
shows results from monolithic cathode. The FFT shows instability at 2.5 GHz. Lower 

shows results from the slotted cathode that completely suppresses the instability. 
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12. Upper: Conventional hibachi configuration.  Lower: High energy deposition 
hibachi configuration.  The electron beam is shown as an LSP simulation. 
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13. Laser output as a function of laser gas pressure and composition. 
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14. Laser and e-beam deposition powers. 
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15. Predictions of Orestes KrF Physics code for two different experiments. 
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16. Laser oscillator output for a ten shot, 1 Hz burst. The continuously rising curve is 
the cumulative laser energy measured with a full aperture (33 cm x 33 cm) 
calorimeter.  Note the calorimeter cools slightly between shots.  The individual 
spikes are the calculated laser energy for each shot, obtained by compensating for 
the measured calorimeter cooling rate. The average laser energy is 500 J per shot.  
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17. Foil temperature under various conditions 
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18. Conceptual arrangement of a full scale laser beam line following Ref 49.   All 
dimensions are approximate, and given to show scale only. 

electron beam
x 16

100 cm

80 cm

80 cm

50
cm

40
cm

Laser

electron beam
x 16

100 cm

80 cm

80 cm

50
cm

40
cm

Laser



H-1

Appendix H
Nuclear Fusion Paper on IFE with Lasers, Direct-Drive Targets, and Dry-Wall
Chambers



INSTITUTE OF PHYSICS PUBLISHING and INTERNATIONAL ATOMIC ENERGY AGENCY NUCLEAR FUSION

Nucl. Fusion 43 (2003) 1693–1709 PII: S0029-5515(03)67272-8

Fusion energy with lasers, direct drive
targets, and dry wall chambers
J.D. Sethian1, M. Friedman1, R.H. Lehmberg1, M. Myers1,
S.P. Obenschain1, J. Giuliani1, P. Kepple1, A.J. Schmitt1,
D. Colombant1, J. Gardner1, F. Hegeler2, M. Wolford3,
S.B. Swanekamp4, D. Weidenheimer5, D. Welch6, D. Rose6,
S. Payne7, C. Bibeau7, A. Baraymian7, R. Beach7, K. Schaffers7,
B. Freitas7, K. Skulina7, W. Meier7, J. Latkowski7, L.J. Perkins7,
D. Goodin8, R. Petzoldt8, E. Stephens8, F. Najmabadi9,
M. Tillack9, R. Raffray9, Z. Dragojlovic9, D. Haynes10,
R. Peterson10, G. Kulcinski10, J. Hoffer11, D. Geller11,
D. Schroen12, J. Streit12, C. Olson13, T. Tanaka13, T. Renk13,
G. Rochau13, L. Snead14, N. Ghoneim15 and G. Lucas16

1 Plasma Physics Division, Naval Research Laboratory, Washington, DC, USA
2 Commonwealth Technology, Inc. Alexandria, VA, USA
3 SAIC, McLean, VA, USA
4 JAYCOR, Alexandria, VA, USA
5 Titan Pulse Sciences Division, San Leandro, CA, USA
6 Mission Research Corporation, Albuquerque, NM, USA
7 Lawrence Livermore National Laboratory, Livermore, CA, USA
8 General Atomics, San Diego, CA, USA
9 University of California, San Diego, CA, USA
10 University of Wisconsin, Madison, WI, USA
11 Los Alamos National Laboratory, Los Alamos, NM, USA
12 Schafer Corp., Albuquerque, NM, USA
13 Sandia National Laboratories, Albuquerque, NM, USA
14 Oak Ridge National Laboratory, Oak Ridge, TN, USA
15 University of California Los Angeles, Los Angeles, CA, USA
16 University of Santa Barbara, Santa Barbara, CA, USA

E-mail: sethian@this.nrl.navy.mil

Received 14 October 2002, accepted for publication 22 July 2003
Published 1 December 2003
Online at stacks.iop.org/NF/43/1693

Abstract
A coordinated, focused effort is underway to develop Laser Inertial Fusion Energy. The key components are
developed in concert with one another and the science and engineering issues are addressed concurrently. Recent
advances include: target designs have been evaluated that show it could be possible to achieve the high gains
(>100) needed for a practical fusion system.These designs feature a low-density CH foam that is wicked with
solid DT and over-coated with a thin high-Z layer. These results have been verified with three independent one-
dimensional codes, and are now being evaluated with two- and three-dimensional codes. Two types of lasers are
under development: Krypton Fluoride (KrF) gas lasers and Diode Pumped Solid State Lasers (DPSSL). Both have
recently achieved repetitive ‘first light’, and both have made progress in meeting the fusion energy requirements
for durability, efficiency, and cost. This paper also presents the advances in development of chamber operating
windows (target survival plus no wall erosion), final optics (aluminium at grazing incidence has high reflectivity
and exceeds the required laser damage threshold), target fabrication (demonstration of smooth DT ice layers grown
over foams, batch production of foam shells, and appropriate high-Z overcoats), and target injection (new facility
for target injection and tracking studies).

PACS numbers: 52.57.-z, 42.55.Xi, 42.55.Lt, 52.57.Bc, 83.60.-a, 52.57.Fg, 52.59.Mv
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1. Introduction

We are carrying out a coordinated, focused research
programme to develop Laser Inertial Fusion Energy (Laser
IFE). The approach is based on lasers, direct drive targets, and
dry wall chambers. The key components are developed in
concert with one another and the science and technology are
addressed at the same time. This integrated approach ensures
Laser Fusion Energy will be developed as a coherent system.

The attractiveness of this approach lies in its inherent
simplicity, its separable architecture, and the modular nature
of the laser driver. The targets are spherical shells, which
can be fabricated in droplet generators, and thus naturally
lend themselves to mass production. None of the target
components (except tritium) need to be recycled. The first
wall is a passive structure that does not have to hold vacuum.
This allows the wall to be made in individual sectors that can
be replaced during the plant lifetime. It also allows more
choices for the first wall material, such as advanced composites
that may have radiological advantages. The separable nature
of the power plant allows the principal components to be
developed separately before being integrated into the system.
Just as importantly, it allows economical upgrades as new
technologies are developed. The laser is modular, and would
consist of many (about 60) identical beam lines. Hence, it
is only necessary to develop one of these lines to prove the
technology. All of these factors should lead to a faster, lower
risk, lower cost path to fusion energy.

Recent advances have been made in all areas of laser
fusion energy. Target designs, based on codes that are
being benchmarked with experiments, have been developed
which have gains of 120–180. Gains >100 are considered
sufficient for a fusion power plant. These are one-dimensional
calculations [1]. More recent integrated two-dimensional
designs show the same performance. Two types of lasers are
being developed: Krypton Fluoride (KrF) gas lasers and Diode
Pumped Solid State Lasers (DPPSL). Both have achieved
repetitively pulsed first light and both are making progress
towards meeting the fusion energy requirements for efficiency,
durability, and cost. In chamber designs, an operating
window has been established for target yield, chamber
radius, and chamber gas pressure that will avoid first wall
vaporization, allow target injection without compromising the
frozen deuterium–tritium (DT) fuel, and operate at reasonable
efficiency. However, long-term material behaviour is an open
issue. This is being addressed both with experiments that
include exposing candidate first wall materials to ions and
x-rays at fusion relevant parameters, and in developing new
first wall materials. A new chamber dynamics model will allow
us to determine how the chamber conditions evolve between
shots. In the area of final optics, experiments have shown that
a grazing incidence aluminium mirror is both highly reflective
(>98%) and can exceed the required laser damage threshold of
5 J cm−2. In target fabrication, methods have been developed
to apply an Au–Pd alloy coating outside the target that will meet
the requirements for the target physics, DT permeation times,
and the high IR reflectivity needed to help the target survive as
it traverses the hot chamber. Divinyl benzene foam shells of
proper dimensions and density have been produced on a batch
basis that lends itself to mass production. These shells can meet

the requirements for low oxygen content, mechanical strength,
and straightforward over-coating. The cost of fabricating and
injecting these targets on a mass production basis has been
estimated to be $0.16 each. This analysis was based on a
chemical engineering analysis of all the process steps and
assuming a commercial process plant environment. Recently,
it has been demonstrated that ultra-smooth DT ice layers can
be grown over a foam underlay, and that these ice layers
remain sufficiently smooth at low temperatures. This aids
target survival during injection into the chamber. A facility
to accelerate, inject, and track targets is nearing completion.

The work cited in this paper leverages off the wide body
of target physics research and target fabrication development
carried out in the US Inertial Confinement Fusion (ICF)
programme. In particular, studies at the Naval Research
Laboratory [2, 3] and the University of Rochester [4–6] have
been dedicated at investigating the physics and technology
of direct drive targets. Results of that research have directly
benefited the work discussed here.

2. High gain target design

A typical high gain target direct drive design is shown in
figure 1.

The current designs share several common features:

1. The laser pulse has a low intensity ‘foot’ followed by a
rise to maximum intensity. In some cases a single intense
‘picket’ pulse precedes the foot.

2. The ablator is composed of a low-density foam with DT
wicked into it. The foam can significantly increase the
laser absorption.

3. The design preheats the ablator by some means (shocks,
x-rays, or a combination). This raises the isentrope of
the ablator, and hence lowers the growth rate of the
Rayleigh–Taylor instability. In some designs the ablator
is preferentially heated, while the fuel remains on a
lower isentrope. This increases the stability without
substantially reducing gain.

4. The laser is ‘zoomed’: the spot size is decreased in radius
to match the compressing target. This reduces the amount
of light lost to refraction and/or absorbed far away from
the ablation surface, and thus increases the absorption and
coupling efficiency of the design.

5. The designs include a thin high-Z layer (such as Pd)
outside the target. This has been shown experimentally to
substantially reduce the imprint of laser non-uniformities,
and hence mitigates the seeding of hydrodynamic
instabilities [7]. This is shown in figure 2.

The first high gain targets [1] used radiation preheating, an
incident laser energy of 1.3 MJ, and had energy gains well
above 100. In these targets, α, the average isentrope within
the fuel region, was slightly greater than 1. (α is the ratio of
the total DT pressure to the Fermi-degenerate pressure.) A one-
dimensional analysis showed that the Rayleigh–Taylor insta-
bility grew less than 6 e-folds (net growth) when averaged over
the initial surface roughness spectrum. This corresponds to less
than 400 times the initial perturbation amplitude. The high-Z
coating was applied to the outside of the ablator to ensure that
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it would be blown off before the laser pulse reached high in-
tensities. When it was realized that it was difficult to provide
enough preheat with x-rays, the design evolved to rely more on
shocks to establish the higher ablator isentrope. The high-Z
material was kept for imprint reduction as described above. It
was originally chosen to be gold, but was later changed to pal-
ladium because the latter’s permeability to hydrogen (DT) is
important for target fabrication. Based on a number of calcu-
lations, any mixture of Au and Pd would allow similar target

(a) (b)

Figure 1. (a) Typical NRL high-gain target design. (b) Laser pulse
shape. Dashed lines are zoom points.

Figure 2. X-ray streak radiographs of ablatively accelerated planar
targets show no measurable instability growth with 1200 Å Pd layer
on target front surface.

Figure 3. Target gain as a function of Pd thickness.

Figure 4. Two-dimensional simulations showing density during an NIF pellet implosion.

performance; the only difference being the required thickness
of the coating. The predicted one-dimensional gain of these
targets, as a function of the Pd layer thickness, is shown in
figure 3. The figure shows results from the first generation,
154 MJ target, and a second generation, 400 MJ target.

In a later design, the high-Z material was uniformly mixed
with the ablator. The intensity of the foot pulse was the same as
required for the α = 1 design. In this case, the high-Z material
can increase the isentrope of both the ablator and the fuel.
Thus, to minimize the fuel preheating, only small amounts of
high-Z material were added. With an incident energy of 2.5 MJ
(KrF light) and zooming, the gain of the target was predicted
to be 163. One-dimensional dispersion relations for this target
predict that the single fastest growing mode (near l = 150)
grew 6.8 e-folds.

Recent one-dimensional calculations show the gain is not
affected if the amount of DT vapour inside the target is lower
than that shown in figure 1(a). In fact, there is no need for any
vapour at all. This allows operation at lower target tempera-
tures, which, as discussed in section 8, benefits target injection.

Currently, the NRL FAST series of codes is being
used to evaluate these targets with high-resolution two-
dimensional fully integrated simulations. These resolve all
the wavelengths relevant to the hydrodynamic instability. All
known sources of non-uniformity are accounted for: inner and
outer surface roughnesses (based on NIF pellet specifications),
laser imprint from modelling of the optical smoothing, either
by ISI—Induced Spatial Incoherence, or SSD—Smoothing by
Spectral Dispersion, and low-mode laser pointing and power
imbalances (based on modelling from the NIF laser system).
Simulations are ongoing for the NIF baseline target design,
and are beginning for the NRL-designed high-gain KrF-driven
targets. An example calculation is shown in figure 4. More
recent results show the two-dimensional gains for an IFE target
driven by a 2.5 MJ laser to be the same as the one-dimensional
gains described above. In those calculations the power balance
around the target (irradiation non-uniformity) is assumed to
be perfect, the outer surface of the target is assumed to have a
roughness of 0.125 µm RMS, the inner surface has a roughness
of 1.0 µm RMS, the laser has a bandwidth of 1 THz with ISI
smoothing, and a picket is applied.

Two-dimensional single mode calculations for a 400 MJ
target design have also been carried out with LASNEX. This
target is slightly larger than that shown in figure 1, and
has a 6 µm thick pure CH outer layer. The calculations
show that the stability is enhanced by adding a single high-
intensity spike, or ‘picket’ early in the foot of the laser
pulse. The prepulse shock heats the ablator to a higher
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(b)

(a)

Figure 5. (a) Single mode e-folds versus spherical mode number
for the (b) pulse shapes shown at right.

isentrope (with a concurrent reduction in Rayleigh–Taylor
growth) but decays before reaching the fuel. This idea,
including experiments, has been explored independently by
the University of Rochester [8].

In these LASNEX calculations particular attention was
paid to reduce the numerical noise inherent in laser energy
deposition when modelling two-dimensional growth rates. It
is now possible to perform full, time-dependent implosions
to ignition with two-dimensional laser ray-trace in operation
from time zero. Numerical noise growth amplitudes at
the fuel/ablator interface at ignition have been reduced to
∼10−11–10−10 cm, which is comparable to indirect-drive
targets driven by a uniform x-ray source.

Figure 5 shows plots of the single mode growth factors
(e-folds) versus spherical mode number, l = πr(t)/λ(t),
for three different pulse shapes. Pulse shape A is the
‘conventional’ pulse: foot plus main drive, Pulse shapes B and
C have a small and large prepulse, respectively. At spherical
mode numbers around l ∼ 75–100, growth factors have been
reduced from ∼10.5 (standard pulse shape) to ∼6.5 e-folds
(large prepulse). These are comparable to the growth factors
seen for indirect drive heavy-ion targets. As shown in figure 5,
the two-dimensional growth factors are in good agreement with
the semi-analytic Betti–Goncharov one-dimensional model [9]
plus Bell–Plesset convergence.

The impact of these growth factors on late-time shell
breakup has been assessed by application of the non-linear
multimode saturation model of Haan [10]. For comparison
with earlier work an initial roughness spectrum based on
NIF specifications was used. The results are summarized in
table 1. The late-time shell breakup (the peak-to-valley bubble

Table 1. Effects of shaped pulse on target performance.

Maximum
Pulse shape Laser Yield shell breakup
(see figure 5(b)) (MJ) (MJ) Gain (%)

A (standard) 2.4 430 180 83
B (small prepulse spike) 2.5 420 170 21
C (large prepulse spike) 3.1 360 110 2

amplitude divided by the shell thickness) has been reduced
from ∼80% to an acceptable 21% with virtually no penalty
in gain. This is consistent with the two-dimensional FAST
modelling described above. Note that the breakup can be
reduced to a negligible 2%, with a gain that is still high enough
for fusion energy. However, the small prepulse case should be
more than adequate.

3. KrF laser

KrF lasers are gas lasers that are pumped by electron beams,
and lase at 248 nm. Development is being carried out with
the Electra Programme at NRL. The key components under
development are: an efficient and durable pulsed power system,
a durable electron beam emitter (cathode), a long life, high
transmission foil support structure (hibachi), a recirculator to
cool and quiet the laser gas, and long-life optical windows
[11]. Electra should produce 500–800 J in 100 ns when run
as an amplifier. The technologies will be directly scalable to
a fusion power plant sized laser beam line. The Electra laser
facility is shown in figure 6. A first generation pulsed power
system has been built to develop the laser components. The
system produces two 500 keV, 100 kA, 100 ns electron beams,
each with a cross-section 30 cm high by 100 cm wide. The
pulsed power system can run at 5 Hz for 5 h (100 000 shots).
Ten-thousand shot e-beam runs (10 kW) are commonplace.
The system has run as a laser oscillator, and in early tests has
produced 500 J of laser light per pulse in 10 shot bursts.

3.1. Advanced pulsed power

An all-new solid-state, laser-triggered switch has been
developed that will become the basis for a pulsed power system
that can meet the IFE requirements for rep-rate, efficiency,
durability, and cost. The switch uses a four-junction silicon
device that is optically triggered by two diode lasers. The
lasers flood the entire switch volume with photons, whose
energy is just above the band edge of the silicon. This gives
switching times of the order of 100 ns, or more than 10 times
faster than other solid-state switches. The lasers are kept
on during the entire electrical pulse to increase the system
efficiency. Using a four-junction device enables operation
at voltages of 20 kV. We call this device a Laser Gated and
Pumped Thyristor. For the first tests, an off-the-shelf Thyristor
was modified to accommodate a single diode laser and the
necessary optical coupling. The switch operated at 3.2 kV
for 105 shots at 5 Hz. The current density was 2.7 kA cm−2

(121% of the IFE requirement) and the current rate of rise
was 1.4 × 1010 A s−1 cm−2 (154% of the IFE requirement).
A second generation switch has been built that uses advanced,
purpose-built construction techniques, and accommodates the
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two-sided pumping. This switch has operated at 15.2 kV, held
24 kV in a pulse charge, and is now undergoing durability tests.

3.2. Hibachi ( foil support structure)

A hibachi concept has been developed that demonstrates an
energy deposition transmission efficiency of up to 75% on
Electra (500 keV), with the potential to go to greater than
80% at full system operating voltages (750 keV). The energy
deposition efficiency is defined as the ratio of the energy
deposited in the laser gas divided by the energy in the
diode. The high transmission efficiency was achieved with
two innovations: (1) eliminating the anode foil on the diode
side of the hibachi structure, and (2) patterning the electron
emitter into strips so that the beam ‘misses’ the hibachi ribs.

Figure 6. The Electra Laser Facility. Electra has repetitively produced 500 J per pulse of laser light.

(a) (b)

(c)

Figure 7. (a) Drawing of hibachi concept. (b) Photo of cathode showing the counter-rotated emitter strips. (c) LSP modelling of beam
propagation past ribs.

While conceptually simple, these are difficult in practice: the
beam strips spread due to the highly non-uniform electric
fields caused by eliminating the anode, and the beam rotates
and shears due to combined applied and self-magnetic fields.
These effects are eliminated by narrowing and ‘counter-
rotating’ the emitters so that the beam ‘strips’ propagate
parallel to the ribs when they get to the hibachi. This concept
is shown in figure 7. As a bonus, patterning the beam into
strips also delays and reduces the ‘transit time’ instability that
is characteristic of large area electron beams [12].

While the topology of the cathode strips can be determined
empirically, this does not give the predictive capability needed
to design larger systems. This is a rather complex phenomenon
to model and requires a full three-dimensional PIC simulation
of the exact experimental geometry, including the rib structure,
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Figure 8. Orestes Code predictions for Electra main amplifier for
two different e-beam energies.

laser gas, and magnetic field. This was achieved by running
the Large Scale Plasma (LSP) code, developed by MRC,
Albuquerque, on NRL’s parallel processors. The simulations
accurately predict both the cathode counter rotation angle and
the energy deposition efficiency. A simulation of a beam ‘strip’
is also shown in figure 7.

3.3. KrF physics code development

The ‘Orestes’ KrF Physics code has been developed to both
predict the behaviour of Electra and to serve as a tool to
design full-scale (30–100 kJ) systems. Orestes follows 122
reactions with 24 species and has been benchmarked against
a wide range of KrF experiments under different conditions.
Using experimentally determined energy depositions, Orestes
predicts the output for Electra to be between 550 and 850 J,
depending on the experimental conditions. See figure 8.

3.4. KrF amplifier windows

The amplifier windows, which are typically UV grade fused
silica, need to have an index matching dielectric coating to
minimize transmission losses. The coatings operate in a
hostile environment—intense laser light, fluorine, UV, x-rays,
electrons, and, if there is even trace water present, HF.
The development of the coatings is ongoing; however, good
fluorine laser resistance with high transmission has been
obtained with a MgF/Alumina/MgF dielectric stack.

4. Diode pumped solid state laser

Diode Pumped Solid State Laser (wavelength 351 nm)
development is being carried out with the Mercury Program
at LLNL. The ultimate goal is to produce a 100 J, 10 ns,
10 Hz, 10% efficient laser. Like the Electra KrF laser, the
technologies developed on Mercury are scalable to a full-size
power plant laser [13]. To achieve the goals of Mercury, three
key technologies needed to be developed: high-peak-power
diode arrays [14], Yb3+ : Sr5(PO4)3F (Yb : S-FAP) crystalline
gain slabs [15], and helium gas cooling of the gain media [16].
A picture of the facility is shown in figure 9.

Figure 9. The mercury laser with a single amplifier head produces
up to 34 J of energy per pulse.

Figure 10. Schematic of the Mercury Laser.

The system is schematically illustrated in figure 10. Light
from the diode array is guided to the amplifier slabs through
multiple reflections within a hollow lens duct and homogenizer.
The Yb : S-FAP amplifier slabs are potted into aerodynamic
vanes, which are cooled by helium gas flowing at Mach
0.1. By means of angular multiplexing, the beam is injected
into the main cavity and relay-imaged two times through the
amplifier head. The beam is then re-injected via a U-turn
loop (called a ‘reverser’), which contains a birefringence-
compensated Pockels cell [17] (used for ghost and parasitic
beam suppression). This allows the beam to pass through the
amplifier two more times. A device for ‘spectral-sculpting’ the
input beam, so as to maximize the output bandwidth for beam
smoothing, has been developed [18]. To date, one amplifier
head has been activated and the system has generated 23 J at
5 Hz for 6 × 103 shots (20 min).

Improvements have been made in the growth of the
ytterbium-doped strontium fluorapatite (Yb : S-FAP) crystals.
These Czochralski-grown crystals were initially plagued by
a number of growth-related defects [19]. However, the
defects have been controlled with newly developed procedures
including water cutting, acidic polishing, and diffusion
bonding. The lifetime and durability of this material is
expected to meet the IFE requirements, but will be evaluated
experimentally on Mercury.

In the Mercury system, four diode arrays have been
activated with each delivering 80 kW of peak power in a 750 µs
pulse. An overall transfer efficiency of 83% through the pump
delivery system was achieved, and the pump homogeneity
matches the ray-trace models. A birefringence-compensated
average power KD∗P Pockels cell was fabricated and meets
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(a)

(b)

Figure 11. (a) Single shot laser energy. (b) Operations plot showing
output energy and stability for various repetition rates.

the 200 : 1 extinction requirement at 100 W average power.
All seven 4 × 6 cm2 Yb : S-FAP slabs are currently installed
in the amplifier. An example of performance results for one
amplifier head appears in figure 11. Up to 34 J has been
achieved and reliable operation at 23 J per pulse (20 ns) is
plotted below.

5. Chamber development

The explosion of the target, which produces bursts of neutrons,
gammas, x-rays and charged particles, is the central event
in inertial fusion. Everything that happens before the
explosion (laser operation, focusing optics, target fabrication
and injection, laser–plasma interactions, and implosion) causes
this event to occur. Everything that happens after the explosion
(chamber protection, energy conversion, chamber recovery,
activation, and balance of plant) is influenced by the target
explosion. The development of a successful chamber depends
on two issues:

1. Can an operating window be established in which a set of
chamber parameters (radius, materials, wall temperature,
and environment) simultaneously allows distortion-free
propagation of the laser beams, successful injection of
the target, survival of the first wall, and high thermal
efficiency?

2. Can the chamber recover to this state to allow successful
target injection and laser beam propagation on the
next shot?

5.1. Operating windows

Establishing the operating window for an IFE chamber is a
complex process that involves balancing several factors. The
target produces a ‘threat spectrum’ of neutrons, x-rays, and
charged particles. These propagate with different velocities
and hence hit the chamber wall at different times. The
first wall response depends on when these hit the wall, the
energy they impart to the wall, and the wall material. In some
designs the chamber is filled with Xe gas. The Xe absorbs
energy from the ions (and to a lesser extent, the x-rays) and
then re-radiates it on a longer timescale, as determined by the
opacity and emission of the Xe. This stretches out the energy
deposition on the wall and allows thermal conduction to keep
the material below the temperature at which damage will occur.
There are upper limits to the allowable gas density, however, as
the background gas affects laser propagation, target tracking,
and target survival.

5.1.1. Threat spectrum calculation. The threat spectra
produced by the targets shown in figure 3 have been calculated
using both LASNEX [20] and the one-dimensional Lagrangian
radiative hydrodynamics code BUCKY [21]. Both codes
predict the same gains as the NRL FAST Code. They predict
similar threat spectra for both the low yield 154 MJ and
high yield 400 MJ targets. About 1–2% of their output is
in x-rays. Half of the photons have energy above 30 keV.
Charged particles (‘burn ions’) comprise 13–14% of the target
output, and ‘debris ions’ comprise 15–16%. The latter are
moving considerably slower, allowing time of flight spreading
to greatly mitigate the total threat to the wall. The balance of
the energy release is, of course, in neutrons. An example of
this energy partitioning (from BUCKY) is shown in figure 12.

5.1.2. First wall material choices. Development of the first
wall for an IFE chamber faces many of the same challenges
as for magnetic fusion energy (MFE). For both approaches
thermodynamic efficiency is important. This tends to favour
higher operating temperatures. For both systems a driving
concern is the environmental acceptability of the power plant.
Thus, both approaches call for low-activation materials. And
for both approaches the time averaged energy flux to the wall
are about the same. The loading on an IFE chamber wall
has many of the same characteristics (frequency, particle flux,
affected area, base temperature) as an ITER Type 1 ELM mode
[22]. As a result of these considerations, the two current
leading candidates for the chamber first wall material are
similar to those for MFE: a carbon fibre composite, as in the
SOMBRERO study [23, 24], and tungsten. The selection is
based on both high thermal conductivity and high sublimation
(C) or melting (W) temperatures.

(Although there are similarities between the IFE and MFE
wall loading, the specific loading is substantially higher due to
the pulsed nature of the IFE system. Specifically, the neutrons,
photons, fast ions, and debris ions arrive at the wall within
2.5 µs. This yields an instantaneous heat loading of more
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than 10 000 MW m−2 as compared to 10 MW m−2 for an MFE
plant. Similarly, the instantaneous neutron displacement rate
in IFE can be 10 displacements per atom per second compared
to 10−6 for MFE.)

In order to develop the chamber operating windows, it
is necessary to use models that predict the material response
to the emissions from the target. To benchmark these code
predictions, candidate chamber first wall materials have been
exposed to ions and x-rays at fusion-relevant fluences and
spectra. These were carried out with the Z (single shot
x-rays) and RHEPP (repetitively pulsed ions) facilities at
Sandia. Table 2 compares the experimental results, theoretical
predictions, and anticipated threat for the two high gain targets
shown in figure 3.

Note that the measured ablation and roughening
thresholds are close to the code predictions. The predicted
threat to the wall assumes a chamber radius of 6.5 m radius
and no gas in the chamber. The number in parenthesis for the
ion threat was obtained by applying a t1/2 correction for the
pulse width. The ions from RHEPP are produced in ∼100 ns,
whereas in an IFE chamber they are emitted in a double humped
distribution over 2.1 µs. This scaling is only an approximation,
as its validity depends on several factors (such as the ratio of
the thermal diffusion length to the energy deposition length).
The main reason is to demonstrate that both Z and RHEPP are
producing relevant threats. From the table, it is clear that x-ray
damage is not a problem with either target or wall material. The
estimated ion fluence is slightly below the damage threshold
for the lower yield target, and slightly above it for the higher
yield one. This is why, as discussed below, the chamber
needs to be filled with gas and the radius extended to 8.25 m
for the higher yield target. Note that the addition of Re to
tungsten increases its resistance. (However, the addition of
Re brings up radiological issues that must be addressed.) All
of these results are obtained with room temperature samples,
and the behaviour at IFE relevant wall temperatures will be
examined. In addition, the long-term effects of roughening
will be investigated. It may turn out that roughening, which
is due to repetitive thermo-mechanical stresses, rather than
melting, may be the limit.

The data discussed above are taken for a few tens of
shots. There is concern that damage may be cumulative and
will become apparent only after many cycles. This will be
studied with the new repetitive x-ray source XAPPER, which
is being installed at LLNL. The source, produced by PLEX
LLC, uses a radiofrequency-initiated Z-pinch [25], along with
a grazing incidence ellipsoidal optic to deliver high fluences of
low-energy (100–500 eV) x-rays to a sample. XAPPER will
be used to access very high cycles (up to 106 pulses at 10 Hz) of
x-rays to study surface effects for optics and wall materials for
energy deposition levels lower than apparent threshold levels
based upon low-cycle tests and single-shot calculations.

In addition to the above, a laser test facility has been
set up at UCSD to investigate long-term material behaviour.
The advantage of using a laser is that it can provide a clean,
low-cost, repetitive, high-duty-cycle, energy source. At first
glance it would appear that a laser, which deposits energy
on the surface, would not faithfully duplicate the effects of
x-rays and ions, which deposit their energy at different depths.
This is true initially, but modelling has shown a 10 ns laser

pulse can simulate the proper temperature evolution in the
wall as it relaxes. The primary phenomena that lead to
mass loss from the wall are sputtering, ion/neutron radiation
damage, evolution of the wall temperature, and the chamber
environment. The UCSD facility will look at the latter two.
Comparison of these tests with those from the x-ray and
ion tests will help elucidate the loss mechanism, as well as
determine the fidelity of this laser-based approach.

5.1.3. Limitations on chamber gas density. As pointed out
above, in some cases, particularly with the high yield target,
the chamber will have to be filled with some density of Xe gas.
There are three phenomena that determine the upper limits of
the chamber gas density. In increasing order of allowable gas
pressure, they are: survival during injection, tracking in the
chamber, and high-fidelity propagation of the laser.

If there is any gas in the chamber at all, it will be at or
above the wall temperature. Thus, this hot gas will warm up the
injected cryogenic target through a energy exchange. This heat
load is in addition to the radiation heating from the hot wall. As
discussed in section 8, the temperature of the outer surface of
the frozen DT in the target cannot rise above the triple point of
solid DT (19.79 K). As shown in section 7, experiments have
shown that smooth DT ice layers can be formed over foam
layers at temperatures at least as low as 16 K. Thus, the target
outer surface can warm up 3.79 K before the outer surface starts
to melt. The allowable heat flux on the target depends on the
injection velocity. For example, assuming the target is in the
chamber for 16 ms (corresponding to a 6.5 m radius chamber
and a 400 m s−1 injection velocity), the allowable heat flux on
a target starting at 16 K is 1.4 W cm−2. If the chamber wall is
at 1000 K (727◦C), the radiation heating from the wall alone
is about 0.2 W cm−2. Calculations show that, to stay below
the 1.4 W cm−2 total limit, the gas pressure in the chamber
should be below 15 mTorr. This assumes the gas temperature
is at the wall temperature, and assumes the target shown in
figure 1. If there were a 250 mg cc−1 foam coating outside
the target to provide additional thermal insulation, these same
calculations suggest the gas pressure could be 5–8 times higher.
Further details of these temperature rise calculations are given
in section 8.

In the case of tracking, the gas density has to be low enough
such that aerodynamic forces do not appreciably perturb the
target trajectory. The target motion becomes random, and the
lateral excursions sufficiently large that it becomes difficult
to maintain the ±20 µm laser pointing accuracy required by
target physics. Modelling shows that the upper limit to the gas
pressure in this case is about 75 mTorr.

The limit on the gas pressure due to laser considerations
was investigated in studies carried out at NRL [26]. The
behaviour of an ablatively accelerated planar target was
determined as a function of background gas pressures ranging
from 10−6 Torr to 500 mTorr Xe. The experiments showed
no evidence of laser beam breakup, nor changes in the central
profiles of the shock breakout from the rear of the target. Also,
the plasma profiles remained smooth and symmetric in all
cases. Minor qualitative changes were seen in the edges of
the shock break-outs at pressures above 200 mTorr, but these
are thought to be irrelevant in a spherically illuminated target.
Nevertheless, it is clear that laser propagation is not currently
the factor that determines the allowable background gas.
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5.1.4. Examples of chamber operating windows. Figure 13
gives an operating window for a 154 MJ target. The figure
gives the temperature evolution at the wall surface and various
depths. The example is for a 3 mm thick Tungsten armour, a
chamber radius of 6.5 m, and a first wall starting temperature
of 500◦C. There is no gas in the chamber. Note the tungsten
stays well below the melting temperature of 3410◦C.

(a)

(b)

Figure 12. (a) Expected time-integrated x-ray spectra emitted by
the NRL direct-drive target shown in figure 1. The coating was
either 300 Å Au or 1200 Å Pd. Target yields were calculated to
range from 300 to 400 MJ. The x-ray spectra were calculated based
on two opacity models: EOSOPA (LTE) or IONMIX (Non-LTE).
(b) Time integrated histogram showing the number of ions per eV.
This is for a Pd-coated laser direct-drive target. IONMIX (non-LTE)
opacities were used. Note, BUCKY does not presently have mix in
the code, which is why some of the curves are similar.

Table 2. Summary of exposures of candidate first wall materials.

Predicted threat
to wall

154 MJ
target
(J cm−3)

400 MJ
target
(J cm−3)Material

BUCKY
predicted
ablation
threshold
(J cm−3)

Analytic
predicted
ablation
threshold
(J cm−3)

Measured
ablation
threshold
(J cm−3)

Measured
roughening
threshold
(J cm−3)

X-rays (10 ns exposure) Poco graphite 4.25 3.3 >8 <8 grain removal 0.40 1.20
Tungsten (pure) 3.5–4.0 2.4 2.3–19 2.3
Tungsten + 25%Re 19 2.3
Tungsten + La 19 >2.3

IONS (∼100 ns exposure) Poco graphite 3.2 1.8 2.5–3.0 <1 8.5 21.1
Pyrolitic graphite 1.6–2.5 1.2–3.0 3.0–4.0 2.5
Tungsten (pure) 6 5.1 6 1.25
Tungsten + 25% Re 6 3.5 (1.82) (4.54)

Similar results were obtained for a wall with carbon
armour. The initial photon-induced peak is much smaller
since the photon energy deposition goes deeper inside the
carbon. Also, the maximum temperature is <2000◦C with
an associated sublimation loss of less than 1 µm per year.

In these calculations the energy deposition in the
W armour was first calculated for a one-dimensional
slab geometry based on photon attenuation calculations
(including photo-electric and Compton scattering effects),
and on ion energy deposition (including both electronic
and nuclear stopping powers). The photon calculations
were performed using the methodology described in [27].
An interactive program based on these calculations can be
found at http://aries.ucsd.edu/LIB/PROPS/PHOTON/. The
ion stopping was calculated using an interactive programme
called SRIM (Stopping and Range of Ions in Materials), which
may be found at http://www.srim.org/. The underlying physics
is discussed in [28]. The calculation procedure included the
time of flight spreading of the photon and ion energy deposition
[29]. The thermal analysis was then carried out using a
one-dimensional model including melting and evaporation
[29]. Temperature-dependent properties were utilized for both
C and W.

The BUCKY code [21] was used to explore the options
for the case of the 400 MJ target. In this case, the chamber
must be filled with Xe gas. To establish the low-density, high-
temperature conditions of the Xe at the time the ions transit
the chamber, the opacity of the Xe was determined using
IONMIX [30], a collisional radiative equilibrium screened

Figure 13. Temperature profiles of first wall in an IFE chamber, 154
target, tungsten wall.
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Figure 14. Wall surface temperature for a 8.25 m radius graphite
chamber and the 400 MJ target.

hydrogenic model that interpolates between the low-density,
high-temperature coronal equilibrium and the high-density,
low-temperature Saha equilibrium. The wall is assumed to
survive if the sublimation is less than one monolayer per shot.
For a 6.5 m radius graphite chamber starting at 1000◦C,
the minimum Xe density required to avoid wall ablation is
80 mTorr, which is incompatible with target tracking as pointed
out above. Increasing the chamber radius to 8.25 m reduces
the threat to the wall sufficiently such that sublimation is
avoided using 25 mTorr of Xe. Under these pressure and wall
temperature conditions the target will require an outer layer of
insulating foam to survive. Figure 14 displays the wall surface
temperature evolution for a 8.25 m radius graphite chamber.

Both of these design window studies illuminate a few key
points:

1. The photon energy deposition is very fast and creates an
instantaneous temperature rise (for example, 1150◦C in
the case of the 154 MJ target with tungsten armour). The
wall temperature starts to drop, and then peaks several
microseconds later after the ions arrive.

2. With the 154 MJ target and tungsten wall chamber, the
temperature stays under 3000◦C for a 6.25 m chamber
without any protective gas. This is below the W melting
point limit (3410◦C).

3. Similar arguments apply to the high-yield target and
graphite wall. The temperature peaks under 2700◦C for
a 8.25 m chamber with 25 mTorr Xe, which is well below
the temperature for significant sublimation.

4. In both cases the ‘action’ takes place in a very thin
region (<10 µm) from the surface. This gives the
option to separate the functions of the first wall into two
components: a thin armour, which is resistant to the target
emissions, and an underlying substrate to provide the
supporting structure and interface with the blanket. (Note
that the blanket effectively sees steady-state conditions.)

5.1.5. Materials response: long-term behaviour. While the
identification of chamber operating windows is a major step,
long-term material behaviour is an issue, in particular tritium
retention for carbon and helium retention for tungsten. It
is anticipated that 0.1–2 MeV He, D, T, and H ions will
penetrate several microns into the chamber wall. With carbon,
the main concern is the build-up in tritium inventory due
to co-deposition in colder regions. Additional concerns are
dimensional stability, thermal conductivity following neutron

irradiation, and physical and chemical sputtering. Good
dimensional stability and thermal conductivity have recently
been demonstrated for a high-quality three-dimensional
composite irradiated at 800◦C. Studies to higher, IFE relevant,
temperatures (including tritium retention) are planned. In
addition, safety studies carried out by two different groups
suggest that oxidation due to a sudden ingress of air is not an
issue with graphite-based first wall systems.

The main issue with tungsten is helium retention: the
3.45 MeV alpha particles embed themselves in the tungsten
and, because of the extremely low mobility of helium, coalesce
into bubbles that eventually cause the material to fracture. For
example, for the anticipated fluence of 2 × 1018 He m−2 s−1, it
is estimated that this process will remove about 2 cm yr−1 from
the wall. This is unacceptable, as the initial tungsten armour
would be less than a few millimetres thick. We are addressing
this issue with a multi-pronged approach:

1. The unacceptable removal rate is based on the assumption
of limited helium mobility in tungsten. While this
is documented at temperatures below 800◦C [31], the
behaviour at the elevated temperature of an IFE wall is
unknown (note from figure 13 that the surface of the wall
gets to almost 3000◦C). Accordingly, experiments were
performed to determine the diffusion of helium at IFE
relevant temperatures. In these experiments, tungsten was
irradiated at ∼1000◦C and cyclically heated to 2000◦C.
Nuclear reaction analysis was used to determine the fate
of the implanted helium. The results showed the amount
of helium retained can be reduced by a factor of 2 or
more. This work is preliminary and more experimental
verification is needed—for example, the effects of neutron
irradiation on helium mobility need to be evaluated.

2. In addition to these experimental results, preliminary
modelling has shown the bubble formation may be not
be a problem in an IFE system. This is because the ions
produced by the target have a wide spectrum of energies,
and thus the helium will be driven to a range of depths
into the first wall, rather than into just one location. The
predicted exfoliation, or loss, rate from the first wall would
be an acceptable 0.078 cm per year. This result needs to be
explored further and appropriate experiments conducted.

3. We are exploring the use of engineered materials such
as tungsten fibres or nano-deposited tungsten. The idea
is to provide a very short migration path for the helium
to be transported back to the chamber. This can be
accomplished by having the structure smaller than the
helium mean free path, which is estimated to be of the
order of a few tenths of microns. This material will
also alleviate the roughening due to repetitive thermo-
mechanical stresses, if that turns out to be an important
factor.

5.2. Chamber dynamics

In a rep-rated laser-fusion facility, the pulse repetition rate is
limited by the time it takes for the chamber environment to
return to a sufficiently quiescent and clean low-pressure state
to allow a second shot to be initiated. Laser propagation, beam
quality on the target, and target injection and tracking will
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(b)(a)

Figure 15. Conditions in the chamber 1.6 ms after the target blast. (a) Pressure and (b) velocity distribution. Pressure is the highest in the
red zones (∼4 kPa) and lowest in the dark blue zones (∼300 Pa) and at intermediate values in the yellow zones (∼800 Pa). The blast has
been reflected (once) from the chamber wall. A pressure wave is travelling in the laser beam channel toward the final optics.

all be affected by the chamber conditions (number density,
temperature, mix of chamber constituents, and turbulence).

The physical phenomena occur on different timescales. In
the first few microseconds, the x-ray burst and ions from the
fireball traverse the chamber, and deposit their energy into the
chamber constituents and onto the chamber wall. The chamber
environment then evolves on a hydrodynamics timescale until
a new equilibrium condition is achieved. This is expected to
take 100–200 ms. To understand the chamber evolution and
dynamic over this ‘longer’ timescale, a new simulation code,
SPARTAN, has been developed.

SPARTAN solves the two-dimensional transient com-
pressible Navier–Stokes equations. It uses split Godunov inte-
grator in the CGF from [32, 33] that is second-order accurate
in regions of smooth flow in order to capture the shocks with
a minimum of numerical dissipation and overshoot. Several
features have been included to make the code suitable for IFE
applications:

1. In order to preserve the second-order accuracy of
numerical algorithm, calculations are performed on a
rectangular logical mesh. Arbitrary chamber geometry
(e.g. inclusion of the laser beam ports) is handled by using
an embedded boundary algorithm [34] that is also second-
order accurate.

2. Viscous terms are added to the split Godunov integrator as
viscosity plays an important role on this long timescale.
The viscous interaction between the fluid and the
embedded boundary was tested on the models of channel
flow and lid driven flow in a square cavity. The channel
direction was oriented at an arbitrary angle with respect
to the mesh.

3. During the timescale of interest (100–200 ms or longer),
the shock waves from the blast traverse the chamber
many times. Large-scale pressure disturbances are set
up that would require excessive computational time if
a single homogeneous grid was used. As a result, an
Adaptive Mesh Refinement Algorithm, AMR [35], has
been employed. The integration of this algorithm into the
code was done in collaboration with scientists at Lawrence
Berkley National Laboratory [36]. The code can handle
the strong shock waves in a computationally efficient
manner, with fine grid surrounding the shock and coarse

Figure 16. Pressure on the chamber wall as a function of time after
target explosion. Initial peaks represent incidence of pressure waves
on the chamber wall.

grid placed where the gradients of dependent variables
are low.

The code has been tested in simple geometries with both zero
and small perturbation initial conditions. Some examples
of the computational capabilities of the SPARTAN code are
shown below. Figure 15 shows the pressure and velocity
distribution in a cylindrical IFE chamber 1.6 ms after the blast.
The chamber is 6.5 m in diameter and filled with Xe. One
laser beam channel is included. The initial conditions for
density, pressure, velocity, and energy of Xe gas are taken
from the BUCKY [21] code after the temperature of the gas
has fallen below 1 eV and radiation has become negligible. At
the time shown in the figure, the blast wave has bounced from
the chamber wall and is converging back towards the chamber
centre. A pressure wave is travelling in the beam port towards
final optics. Figure 16 shows the density distribution around
the entrance of the laser beam channel at this time. The multi-
dimensional nature of phenomena is clearly shown in these
figures.

The code is currently investigating chamber conditions
(pressure, velocity, density variations) 100–200 ms following
the target blast. Non-uniformities have strong impact on target
injection in the chamber and laser propagation. The code
is also being used to study convection in the chamber, due
to both off-centre target blasts and gravity, and to model the

1703



J.D. Sethian et al

impact of pressure waves on the final optics. Among planned
improvements is the ability to handle multi-species transport.
Of particular interest is the transport of dust in the beam tube
channels.

6. Final optics

The final optics steer the laser beams to the target centre.
They are the only optic to lie in the direct line of sight of
the target. Their development represents the biggest challenge
in the optical train, as they must not only have the high laser
damage thresholds required of the other optics, they must also
be resistant to the target emissions. The other optics will also
require development, as their size, and hence to some extent
the size of the system, will depend on their resistance to laser
damage. But due to the greater challenges, resources have
been concentrated on developing the final optic for now.

6.1. Grazing incidence metal mirror

The front-runner final optic concept is a grazing incidence
metal mirror (GIMM). This was proposed over a decade ago
in response to concerns over radiation damage to multi-layer
dielectric mirrors [37]. The decision to develop the GIMM
is based on its potential robustness, its ability to withstand
some uniform erosion, and its applicability to both KrF and
DPPSL wavelengths (241 nm and 351 nm, respectively). The
final optic would consist of a pure aluminium surface bonded
to a cooled, neutron transparent substrate [38]. Operation
at a shallow angle (∼85◦) gives three advantages: reduced
absorption for s-polarized light, lower average fluence on the
surface due to the large footprint of the beam, and higher
reflectivity. Experiments have established that, at least in small
laser spot sizes, the aluminium mirror is both highly reflective
(>98%) and can exceed the required laser damage threshold
of 5 J cm−2.

Laser damage is one of the most serious concerns
for grazing-incidence mirrors. If the mirror operates at
fluences beyond the normal incidence damage threshold,
then minor defects may result in localized heating which
causes further damage. The presence of contaminants, which
could propagate from the chamber up the beamlines, might
exacerbate this by creating a source term for localized defects.
Therefore, initial testing has been focused on the basic stability
of metal surfaces during long-term exposure. Aluminium is
currently the preferred material due to its high reflectivity for
UV wavelengths and the relatively large industrial database.
Specifications for the damage threshold of commercially
available Al-coated mirrors typically call for 20 mJ cm−2 of
absorbed energy. With the reduced absorption and increased
footprint of a grazing-incidence mirror, this should translate
into a damage threshold of roughly 20 J cm−2 measured across
the incident beam. We have set the goal laser fluence for the
GIMM at 5 J cm−2 normal to the beam. This implies ∼400 m2

of total mirror surface area for a 2 MJ laser.
The data were acquired using pure diamond-turned Al and

a 2 J, 10 ns frequency-doubled Nd : YAG laser (λ = 532 nm).
For these specimens, a natural density, 20–30 µm thick oxide
coating is present. The results are shown in figure 17. The
results confirm survival up to 104 shots for fluences well above

Figure 17. Laser-induced damage threshold (fluence is measured
normal to the beam).

Figure 18. Morphology of thermo-mechanical damage to the
surface.

20 J cm−2 [39]. Preliminary exposures at fusion-relevant UV
wavelengths have shown that the damage threshold is lower,
but still above the required 5 J cm−2. The damage threshold,
however, is highly dependent on the sample purity and the
environment.

The morphology of damage in pure Al appears to be
primarily thermo-mechanical in nature. Figure 18 shows a
micrograph of the surface near a catastrophic damage site
following 104 shots. Several types of roughness are evident.
Large channels, thought to be the result of internal slip bands
that propagate to the surface, appear in somewhat random
fashion. Smaller elongated ‘notches’ appear in an orientation
that corresponds with the direction of light propagation. These
notches represent a rippling of the surface in a direction that
does not affect the angle of incidence. Apparently, ripples
aligned so as to produce a more normal angle of incidence to
the beam are less likely to persist. The fine lines oriented at
∼45◦ are machining grooves resulting from diamond turning.

Since power plant optics are expected to be fabricated
using thin coatings on a low-activation substrate, data on solid
Al surfaces provide only a baseline for future testing of coated
mirrors. Industrial collaborators recently have been engaged
to fabricate coated optics. Their objectives are to demonstrate
acceptable adhesion and damage threshold and to demonstrate
the feasibility and optical characteristics of environmental
protective surface coatings.
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Table 3. Final optic threats.

Target emission
Threat (MJ shot) Final optic

X-rays 5.6 0.11 J cm−2

Neutrons 280 19.6 krad s−1; 0.36 MW m−2;
9.7 × 1012 n cm−2 s−1 (14 MeV)

γ -rays �1 3.2 krad s−1

Ionic debris 110 2.2 J cm−2 per shot; 0.15 MW m−2

Multi-layer Fresnel, Kirchhoff scattering and ray-tracing
analyses have been performed in order to better understand
the optical characteristics of ideal and defected mirrors [40].
For example, a thin carbon coating on an oxidized Al mirror
is harmful compared to a less absorptive water contaminant.
Further studies are needed to fully characterize the effect of
contaminants and their maximum allowable size and density,
to demonstrate acceptable performance of prototypic coated
substrates, to explore the effect of target emissions, and to
scale up and integrate the final optic into integrated research
facilities.

In addition to laser damage, the final optic is subjected to
neutrons, x-rays, gamma rays and charged particles. Table 3
summarizes these threats at the final optic location, which is
anticipated to be 20–30 m from the target chamber centre [23].
The threats assume no fill gas in the chamber. While the threats
on the optic are reduced compared to that on the chamber walls
at 6.5 m, these must still be addressed in view of the stringent
beam quality requirements for target implosion. Our plan is
to assess the effects of these threats on the optic. If they are
found to be serious, we will then pursue mitigation techniques
such as fast shutters, magnetic deflection, etc.

6.2. Transmissive optics

We have also investigated transmissive optics. The key issue
is production of colour centres, which are induced by either
neutrons or gammas, and which lead to optical absorption at
the laser wavelength. The work has concentrated on SiO2.
Heating a SiO2 optic allows the defect concentration to saturate
at acceptable levels, at least at the DPSSL wavelength of
351 nm. For example, a 0.5 mm thick Fresnel lens operated at a
temperature of 300◦C is expected to have a laser absorption of
<5% [41]. This is the equilibrium temperature the optic would
reach (due to heating by laser and neutron absorption) if it was
placed at a stand-off distance of 20 m. The defect population
may be reduced further (with a corresponding reduction in
optical absorption) by deliberately operating the optic at a
higher temperature and taking advantage of thermal annealing.
Figure 19 shows the laser absorption as a function of operating
temperature of the final optic. For operation at 500◦C, for
example, the optical absorption falls to ∼0.6%. The power
required to heat the optics to 500◦C is of the order of 5 MW,
which is more than compensated by the savings in required
input power to the lasers.

The absorption is still too high at the KrF wavelength of
248 nm. This, plus the issues in fielding a thin, large area optic,
has led us to give more attention to the GIMMs.

Figure 19. Heating the SiO2 final optic to 500◦C would reduce
optical absorption at 351 nm to ∼0.6%.

7. Target fabrication

As discussed in section 2, the high gain target designs have
a low density foam shell that has been overcoated with a thin
layer of solid CH. An advanced divinyl benzene foam system
was developed for this. This material was chosen because it
has relatively high strength, it has no oxygen (which may be
important for target physics), it can be made into IFE size shells
by microencapsulation, and the overcoat can be chemically
applied during the shell formation phase. Both of the latter
are suited to mass production. Up to 300 shells, with proper
diameter, density, and wall thickness, have been produced in
a single batch (see figure 20). Methods to make target quality
shells with the precise concentricity, reproducibility, and
overcoating are being developed. In some target designs, the
target is overcoated with a thin high-Z layer. A co-sputtering
technique has been developed to apply an Au–Pd alloy coating
to the outside of the target. Measurements show this Au–Pd
alloy meets the requirements for DT permeation times (almost
as good as pure Pd), and has high IR reflectivity (almost as
good as pure gold) to help the target survive as it traverses
the hot chamber. As discussed in section 2, target modelling
shows this alloy does not compromise the gain.

A high gain target will require a smooth surface (less than
1.4 µm RMS) on the inner surface of the DT ice layer. Three
advances have been made in this area:

1. Ultra smooth, DT ice layers have been made by growing
the DT ice on a foam base. This arrangement replicates the
current fusion energy target designs. A toroidal geometry
was used in these experiments. The liquid DT was wicked
into a low-density plastic foam, frozen at 19.7 K, and
then slowly cooled to equilibrate at 19.25 K. The observed
integrated (modes 4–256) variation in the DT ice surface
finish was less than 0.6 µm, or more than two times better
than what has been achieved without a foam underlay.

2. As the temperature is lowered, the smoothness of the
DT ice layer grown over a foam layer suffered minimal
degradation. For example, at temperatures just below
16 K (the limit of the equipment) the surface roughness
increased by less than a factor of 2. This is comparable to
the surface finish observed with a DT ice layer grown
without foam at the triple point. This lack of layer
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degradation is in contrast to DT layers grown without
foam, in which the smoothness degrades catastrophically
as the temperature is lowered.

3. A batch process layering technique is under development
that is based on a fluidized bed technology. Experiments
with a room temperature surrogate (oxalic acid) and an
external infrared heat source (to mimic the natural heat
from the tritium decay) have demonstrated the feasibility
of this approach.

Figure 20. X-ray radiograph of a polymerized divinyl benzene foam
shell. Shell is 4 mm diameter, has a wall of 300 µm thickness, and a
density of 100 mg cc−1.

Figure 21. Preliminary plant layout for fabrication of high-gain, direct drive targets. Plant parameters are (a) 500 000 targets per day,
(b) targets spend 2–3 weeks on the assembly line, (c) installed capital cost: $97M, (d) annual operating cost: $19M, and (e) estimated cost
per target: 16.6 cents. Cost does not include tritium recovery, as per costing allocation in [24].

Models have been developed to understand and guide the
target production process. Using models of the material
responses during the permeation filling step, the total tritium
inventory in a laser fusion power plant could be under 300 g
[42]. This is below the normally acceptable value of 1 kg.
An analysis has been performed for estimating the cost for
fabricating the direct drive targets discussed in section 2.
This analysis was based on a chemical engineering analysis
of all the process steps and assuming a commercial process
plant environment. A conceptual plant is shown in figure 21.
The analysis includes process flows, mass–energy balances,
plant utilities, raw materials, quality control, waste handling
and recycle, capital equipment cost amortization, and staffing
requirements. The results give an estimated cost of producing
a direct drive target of about 16.6 cents each. This is well
under the 25 cents each called for by power plant studies [24],
and resolves a major technical feasibility issue of Laser Fusion
Energy.

8. Target injection

The two key issues with target injection are accuracy and target
survival. In a power plant the target must be delivered to
the chamber centre, to a precisely predicted target location
at a repetition rate of 5 Hz. Target placement must be within
±5 mm of a specified point at the target chamber centre. Target
tracking must be accurate enough to enable precise alignment
of the driver beams with the actual target position. Direct
drive targets will require alignment of the centreline of the
driver beams with the centreline of the target to less than about
±0.02 mm. Target position prediction must be accomplished
early enough to allow time for beam steering.

A system to study injection and tracking has been
completed and is undergoing tests (see figure 22). This
injector is designed to accelerate any target, be it of indirect

1706



Fusion energy with lasers

Figure 22. Drawing of target injection and tracking system.

or direct drive. For the direct drive targets, the concept of a
separable sabot to protect the target during acceleration has
been demonstrated. We are also performing experiments to
measure the mechanical properties of frozen DT to predict the
response of the target during the high g-loading of injection.
Equipment is being constructed to develop and demonstrate
accurate placement and precise tracking of targets during the
injection [43].

Target survival, or how fast the target warms up on
its way to the chamber centre, is one of the key factors
that determine the chamber operating window described in
section 5.1 (figures 13 and 14). The target heats up due to
radiation from the wall and energy exchange with the gas
[44]. The heat flux due to radiation ranges from 0.2 W cm−2 at
1000 K to 1.2 W cm−2 at 1500 K. The heat flux due to the gas is
more complicated, as it depends on the target injection velocity,
the gas condensation coefficient, and the gas temperature.
Eventually the gas temperature will be determined by the
chamber dynamics code, but for now we take a range of values.
For example, for a gas pressure of 25 mTorr, a gas temperature
of 2000 K, a target injected at 400 ms−1, and a condensation
coefficient of 1, the heat flux on the target due to the gas
is 3 W cm−2. In general, the total heat flux on the target is
predicted to range from 1 to 10 W cm−2. Starting at a lower
target temperature helps in increasing the total allowable heat
flux. Assuming the target velocity above, for every degree K
that the target is cooled below the triple point temperature,
an additional 0.34 W cm−2 can be absorbed. This is why
the ability to produce smooth layers at the coldest possible
temperatures is so important.

The maximum allowable temperature limit is open to
question. One possible limit is when the internal stresses
due to thermal expansion (non-uniform heating of the DT
ice from the outside) are greater than the yield stress. Thus,
this limit is reached when the inner ice surface smoothness
is degraded by deformation. A more likely limit is when
the outside layer of DT exceeds the triple point, 19.79 K, at
which point the smooth outer surface of the solid cryogenic
ice layer transitions to liquid or gas. If the outer surface of
the DT goes to a pure uniform liquid that does not affect the
areal mass distribution, the effect on the target implosion will
be minimal. Hence, the allowable temperature limit could
be much higher. However, if the DT goes to a liquid/gas
state, bubbles may form at the seal coat/DT boundary which
would affect the areal mass distribution and which could

adversely impact the target stability. Whether the phase change
is to liquid or to gas is governed by the local pressure at
the interface of the outer DT surface and the hydrocarbon
layer just above it. This is a very complex phenomenon.
In the absence of any hard data or trustworthy models, the
upper limit has been taken as the DT triple point as described
above.

How fast the outside surface of the DT reaches the triple
point depends on how fast the incident heat can be transported
away from the DT surface. As the situation is dynamic, the
calculations are carried out over the target time of flight. All the
calculations are based on the available data on the properties
of DT and plastic at cryogenic temperatures. Accurate and
representative material property data are required for this
modelling. Material property measurements, modelling of
these effects, and experiments to measure the thermal response
time of DT and DT + foam, are underway to provide a more
accurate prediction of the target thermal response.

9. Development of laser fusion energy

We propose to develop a viable fusion energy source in three
distinct phases. Specific critical issues must be resolved
before advancing from one phase to the next. Each phase
represents increasing confidence, decreasing technical risk,
and increasing cost. In all phases the various components
will be developed in concert with one another to ensure we
are developing laser fusion energy as an integrated system.
We are currently in Phase I, which will develop the critical
science and technologies. Phase II would develop, test, and
integrate full-size components. This will include a full-scale,
power plant sized laser beam line and a separate facility to
demonstrate repetitive injection of fusion quality targets into
an IFE chamber environment. Phase III is the construction
and utilization of a single flexible Engineering Test Facility
(ETF). This ETF would serve several functions including:
(1) optimization of the laser–target and target–chamber
interactions; (2) development of materials and components;
and (3) demonstration of substantial net electricity generation
at a high duty factor from fusion. We believe that we
could be prepared technically to start construction of the ETF
facility within 10–12 years, with the basic issues resolved
well before 2030. The knowledge base with ETF research
should be sufficient that follow-on fusion facilities could be
commercially attractive investments.
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Table 4. Summary of progress and outstanding issues for laser fusion energy.

Target design
Progress 1. Produced family of target designs, using benchmarked codes, that have one-dimensional gains ∼160

(fusion energy needs/gain >100)
2. Newer two-dimensional calculations produced similar gains
3. Produced a family of target designs that can meet the other needs for IFE: fabrication, injection, tritium inventory

Issues 1. Verify a robust family of target designs, using two-dimensional and three-dimensional modelling
2. Benchmark designs with experiments

Lasers (KrF)
Progress 1. Demonstrated repetitive first light

2. Demonstrated pulsed power switch to meet efficiency and durability
3. Demonstrated required efficiency in main components

Issues 1. Durability: hibachi foil and amplifier window

Lasers (DPPSL)
Progress 1. Demonstrated repetitive first light in new type of laser architecture

2. Demonstrated gas cooled amplifier head and high peak power diodes
Issues 1. Cost of diodes, development of large size crystals

Chambers
Progress 1. Established chamber operating windows for wide range of targets

2. Developed chamber clearing code, ‘SPARTAN’
3. Evaluated first wall materials response to x-rays and ions

Issues 1. Long-term materials: He bubble induced exfoliation for W, and T2 retention for carbon
2. Blanket and underlying, fusion neutron resistant-structures

Final optics
Progress 1. Demonstrated GIMM meets reflectivity and laser damage requirements
Issues 1. Bonding of reflective layer to neutron transparent substrate

2. Develop final optics structure that is resistant to degradation from neutrons, x-rays, ions, and debris

Target Fabrication
Progress 1. Modelling shows target cost ∼$0.16 each

2. Demonstrated ultra-smooth DT ice layer grown over foam
3. Made foam shells with proper dimensions and density
4. Developed Au–Pd coating for both DT permeation and IR reflectivity

Issues 1. Develop mass production cryogenic layering technique
2. Make foam shells that meet all IFE specifications

Target Injection
Progress 1. Target injector completed

2. Separable Sabot concept demonstrated
3. Demonstrated sufficiently smooth DT ice layers at t < 16 K

Issues 1. Demonstrate sufficient accuracy in target tracking (< +/ − 20 µm)
2. Target designs with enhanced thermal heat load resistance (e.g. foam layer outside target) to

open parameter space for injection

10. Summary: progress and challenges in the
development of laser fusion energy

Table 4 gives a capsule summary of the technical progress and
the critical issues that must be resolved before proceeding to
Phase II in the development of laser fusion energy.
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The Z-Pinch Power Plant (ZP-3) is the first concept to use the results at Sandia National
Laboratories’ Z accelerator in a power plant application.  Assuming high yield fusion pulses
of 1 to 20 gigajoules per shot, a unique shock and energy absorbing system is being
considered to contain the energy.  The concept under investigation answers the need for
system standoff from the fusion reaction by utilizing a replaceable mechanical cartridge that is
manufactured in an on-site factory.  System studies are in progress on integrated blanket
design for absorbing the fusion energy, cartridge manufacture of all the recycled materials,
and cartridge installation/replacement to maintain a reasonable duty cycle.  An effective
system design for ZP-3 requires an integrated blanket that can shield the permanent structures
from the high-energy neutron flux and the strong shock wave, breed tritium, and in the
process absorb the released fusion energy.  The generation of this energy requires a fusion
fuel cartridge to couple the repetitive pulsed power to a replaceable load using a Recyclable
Transmission Line (RTL).  This on-going project will combine viable economics with
innovative blanket designs to produce a complete and consistent power plant concept that can
be used to guide research leading to practical fusion energy.

1. Introduction
Z-Pinch technology has lead to efficient generation of x-rays [1].  Research on Sandia

National Laboratories’ Z accelerator has demonstrated enough progress to begin the
examination of Z-pinch technology to fusion applications.  Utilizing high current pulses from
pulsed power technology, high-density plasmas are being compressed to produce x-rays of
sufficient energy and intensity to indirectly heat a fusion capsule and cause it to burn.  Sandia

                                                  
* This work sponsored by Sandia National Laboratories, a multiprogram laboratory operated by Sandia
Corporation, a Lockheed Martin Company, for the United States Department of Energy under contract DE-
AC04-94AL85000.



National Laboratories has begun to explore how this technology can be utilized to produce
electrical power.

2. Preliminary Plant Concept
The Z-Pinch Power Plant (ZP-3) utilizes inertial confinement fusion technology.  The

process begins with a small beryllium capsule filled with deuterium-tritium fuel in a solid
form on the inside of the spherical capsule.  These capsules are inserted into dynamic

hohlraums and driven by a
shaped 150 nanosecond rise
time 60 - 100 million
ampere pulse connected to a
pulse power driver though a
recyclable transmission line.
Recyclable transmission
l ines ,  capsules ,  and
hohlraums are assembled
into a cartridge, which is
repetitively inserted into a
reaction chamber that is
called the crucible.   The
objective of the first year of
study has been to define one
concept of a Z-Pinch Power

Plant utilizing this approach.  A process flow diagram for this approach is shown in Fig. 1.

There are significant advantages to this approach as outlined in Table 1.  The most
important advantage is the elimination of spatial standoff requirements.  We have chosen to
directly connect the pulsed power driver to the cartridge for each pulse, destroying it and
manufacturing a new cartridge for the subsequent pulse.  To facilitate this, we have selected
an operating philosophy for ZP-3, which uses well-tested intensive, but low technology,
manufacturing techniques.

Table 1- Advantages and Disadvantages of a ZP-3

Advantages Disadvantages

No vacuum requirements in fusion chamber High yield challenges crucible strength

All components are mechanically aligned Higher yields needed from IFE capsules

High fusion yield per pulse

Low pulse repetition rate

Magnetohydrodynamic direct conversion
possible

Low driver cost (~$20/Joule)

Major components survive for plant
operational life (30-40 years)

To take advantage of an energy-rich system, we have selected to increase the energy
yield per pulse and reduce the repetition rate of the pulses to allow time for moving
equipment.  We have assumed that the fusion yield for this approach is between 1 and 20
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Fig. 3 - Cartridge Details

gigajoules (GJ).  The actual yield has a significant impact on the plant design and is discussed
in Section 2.6.  A plant with 20
GJ yield is shown in Fig. 2.
Details of this approach are
summarized in the following
sections.

2.1. Cartridge
The cartridge is the central

component of the ZP-3 system
and is shown in Fig. 3.  The
cartridge consists of a two layer
funnel-shaped Recyclable
Transmission Line (RTL) [3]
with a Dynamic Hohlraum (DH)
on the end.  The two layers of
the RTL form a magnetically
insulated transmission carrying
a high current pulse to the DH.  The DH contains a cryogenically layered fusion capsule
surrounded by low-density foam coated with a thin ablative layer inside a wire array.  This
study only considers the components without specifying the details of the DH.  The
components are robotically assembled inside the vacuum of the RTL.  Sufficient cryogen is
contained in the assembly to maintain the layering requirements of the capsule before use.
The flared end of the RTL contains a reused flange for connection to the Pulsed Power Driver.

The RTL is attached to a shield-plunger
assembly that places the cartridge into the crucible
and connects it to the pulsed power driver.  This
robotic assembly manipulates the cartridge into
position, dynamically connects the RTL to vacuum,
allows the power pulse down the RTL and then
begins to shear off the RTL to stop debris and
preserving vacuum in the driver.  The shield
provides radiation shielding to the plant.  The shield
also contains an extension that enters the tube of the
RTL and holds a recyclable hemispherical shell
(Reflector), graded density material to absorb the
momentum of the shell, and coolant to absorb the
neutron energy.  A momentum trap (containing
crushable material) is included to mitigate the
pressure impulse to the plunger.

2.2. Crucible and Containment
The Crucible contains and extracts energy from

the high-yield fusion-energy pulse.  The Crucible,
shown in Fig. 4, is a steel vessel with coolant jets
(run intermittently) and pools.  These jets and pools
are sized to minimize the pressure impulse to the
crucible wall.  The energy extraction materials have
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Fig. 2 - ZP-3 Site Layout

 

Plunger

Shear

Shield

Momentum Trap

Flibe

 

Replaceable

Energy Absorbing

Shell

Reflector

Load

(Dynamic Hohlraum)

RTL

Vacuum

Vacuum

Boundary

RTL

Driver Connection

(Reusable Valve Flange)

Reused

Recycled

 

Plunger

Shear

Shield

Momentum Trap

Flibe

 

Replaceable

Energy Absorbing

Shell

Reflector

Load

(Dynamic Hohlraum)

RTL

Vacuum

Vacuum

Boundary

RTL

Driver Connection

(Reusable Valve Flange)

Reused

Recycled



been studied in the last year with the objective of selecting materials that permit simple
mechanical separation of cartridge and coolant materials while collecting all the energy from
the fusion reaction.  Additionally, we desire to have lithium in the coolant to breed tritium to
sustain the plant operation.
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Fig. 4 -- ZP-3 Crucible and Containment

For this study, we have selected major materials for the coolant, RTL, Reflector, and
Crucible.  The coolant is a mixture of fluorine, lithium, and beryllium (FLIBE) that puts
lithium in a chemically stable molten salt phase that can be pumped to facilitate energy
absorption and tritium breeding.  Carbon steel has been selected for the RTL since it has low
long-lived activation and precipitates from the FLIBE as a solid that can be recovered through
filtering.  We are still considering using solid FLIBE as the RTL, but are using carbon steel to
examine manufacturing issues.  Tungsten has been selected as the high-Z material for the
Reflector since it has low long-lived activation and can be recovered chemically from the
steel phase.  Ferritic steel has been selected for the Crucible wall because of the low long-
lived activation and strength.

Our calculations conclude that FLIBE has good shielding characteristics with only 0.4 m
of material required making the Crucible wall and pulsed power vacuum insulator lifetime
components.  Additional shielding is required to achieve 1 m of material required for a
tritium-breeding ratio of 1.1.  An energy multiplication of 1.1 will be achieved due to
endoenergetic neutron reactions occurring in the coolant.  With this shielding, only 10% of
the fusion energy will be deposited in the crucible walls.

2.3. Pulsed Power Driver
For this study, the driver for the ZP-3 is modeled after a high-yield x-ray source concept,

X-1 [4], developed by Sandia National Laboratories.  This study does not attempt to expand
the concept to higher energies or to address repetitive pulsing at this time.  The X-1 driver is



expected to produce 16 to 20 megajoules of x-rays at a power of 1000 terawatts to produce 1
to 3 GJ of fusion energy per pulse.  We assume that the pulsed power technology can be made
repetitive at 0.1 Hz and can be maintained with minimum downtime of less than 20% for
maintenance.

2.4. Energy Extraction
Several power production cycles are available for energy extraction at ZP-3.  The goal of

this study was to select a system to maximize plant efficiency consistent with the
minimization of waste material generation.  We have examined three possibilities: 1.) Super-
critical Rankine Cycle with reheat for temperatures > 1200K; 2.) GT-MHR (Gas Turbine-
Modular Helium Reactor) Helium Brayton Cycle for temperatures approximately 1100K; and
3.) Ultra-high temperature Brayton Cycle for temperatures on the order of 1600K.  From a
system efficiency perspective, the first and third possibilities are the most attractive.  We have
chosen the Super-Critical Rankine Cycle with reheat producing a net station efficiency of
45% as a proven technology approach.  For a 1 GW plant and a temperature change of 33K,
we expect a mass flow rate of FLIBE of
170,000 metric tonnes per hour.

2.5. Target Assemblies
The target assemblies for ZP-3 include

cryogenically layered beryllium (Be) capsules
as shown in Fig. 5.  The capsule is formed by
hot forging Be sheets into two hemispheres,
one of which has a hole.  The two hemispheres
are bonded using copper braze at high
temperature to form a sphere.  The sphere is
sealed in a high-pressure environment filled
with Deuterium-Tritium (DT) gas using a laser
weld.  The capsule is then surrounded with
tungsten covered low-density foam with liquid
hydrogen reservoirs on each end of the cylinder.
The low-density foam contains helium to maintain thermal contact with the capsule.  Low-
density foam at the bottom of the foam provides thermal isolation from the wire array and
electrodes.  The target assembly is then cryogenically cooled to solidify the DT gas and
moved to a layering queue to allow the DT ice to smooth and become uniform.

2.6. Manufacturing
The approach chosen for ZP-3 is manufacturing intensive.  The elements of the cartridge

must be produced at 0.1 to 1.2 Hz.  For example, the RTL can be manufactured by deep
forming ferritic steels in 3 to 4 draws to 0.2 mm thickness depending on the quality of the
steel.  A plant containing 12 crucibles, operated at 6 pulses per minute each, requires 72 RTL
per minute weighing 56 kg each (4 metric tones per minute total).  The estimated cost of a
drawn carbon steel RTL is $12-14 for raw material and can be reduced by a factor of 4 to 10
through material recycling.  A previous estimate of cast FLIBE RTL’s was approximately
$.70 each.

This intensive approach can be compared to existing industrial practices.  Steel beverage
cans are produced at 2000 cans/minute.  Automobiles can be manufactured at the rate of 2
autos/minute with formed automobile sheet metal panels at 22 panels/minute.  The RTL rate
falls between these examples, being more complex than cans and considerably less complex
than automobiles. Thus, at 72 RTL’s per minute, state of the art technology is required,
however at 6 RTLs per minute, current technologies are adequate.

Fig. 5 - ZP-3 Target Assembly
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3. System Scaling
This study has taken a preliminary look at the scaling of ZP-3.  The results are

summarized in Table 2.

Table 2- System Scaling
DESCRIPTION CURRENT

STUDY
VALUES

RATE
CHALLENGE

VALUES

YIELD
CHALLENGE

VALUES
Nuclear Energy Released per Pulse (GJ) 3 3 20
Energy Recovery Factor 80% 95% 95%
Thermal Energy Recovered per Pulse (GJ) 2.4 2.8 19
Pulse Frequency (Hz) 0.1 0.3 0.1
Thermal Power per Unit (GW) 0.24 0.9 1.9
Thermal Conversion Efficiency 45% 60% 60%
Electrical Output Power per Unit (GW) 0.11 0.5 1.1
Number of Units per Plant 12 2 1
Plant Availability 80% 95% 95%
Total Plant Power Output (GW) 1.04 1.0 1.1
Annual Power Sales (kWh) 9.1e9 8.5e9 9.5e9

Presented are three levels of performance to obtain a nominal 1,000 MW electrical plant
output.  There are two challenges to reduce the number of units; increased yield or increased
pulse rate.  The former requires significant increase in gain almost to mechanical limits of
containment.  The latter requires more from the driver and manufacturing system, but may be
accomplished with less effort. Acceleration constraints during cartridge-insertion limit pulse
rate to about 0.3 Hz.  The significant variations are the fusion yield per pulse increased by a
factor of 6.7 and the pulse rate by a factor of 7.  Other variations include efficiency
improvements ranging from typical to state-of-the-art for the challenge levels. Clearly, the
maximum yield and the pulse rate are important factors in the reduction of the capital cost of
the plant and to reduction of the manufacturing requirements.  Intense study of the physics
and engineering limitations of these bounding values will be important components of future
studies.

4. Status and Conclusions
An initial study has been performed to define one concept of a z-pinch power plant.  This

study demonstrates that a power plant may be achieved through existing technologies using a
z-pinch driven x-ray source.  Yields of 3 GJ per shot require state-of-the-art-manufacturing
facilities for RTL’s, but yields of 20 GJ per shot utilize manufacturing technology currently
available.  Pulse rates of 0.7 Hz put considerable stress on the pulsed power driver and have
the same result of reducing the manufacturing requirements.  Both factors will require
considerable development efforts to achieve the challenge level.  This study is continuing and
hopes to address questions such as the impulse loading of high yield shots on the crucible and
the repetitive pulse power technology.
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Recyclable transmission lines~RTLs! are being studied as a means to repetitively drive Z pinches.
Minimizing the mass of the RTL should also minimize the reprocessing costs. Low mass RTLs
could also help reduce the cost of a single shot facility such as the proposed X-1 accelerator and
make Z-pinch driven nuclear space propulsion feasible. Calculations are presented to determine the
minimum electrode mass to provide sufficient inertia against the magnetic pressure produced by the
large currents needed to drive the Z pinches. The results indicate an electrode thickness which is
much smaller than the initial resistive skin depth. This suggests that the minimum electrode
thickness may be not be solely determined by inertial effects, but also by the ability of the electrode
to efficiently carry the current. A series of experiments have been performed to determine the ability
of the electrodes to carry current as a function of the electrode thickness. The results indicate that
electrodes much thinner than the initial resistive skin depth can efficiently carry large currents
presumably due to the formation of a highly conducting plasma. This result implies that a
transmission line with only a few tens of kilograms of material can carry the large Z-pinch currents
needed for inertial fusion. ©2003 American Institute of Physics.@DOI: 10.1063/1.1533789#
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I. INTRODUCTION

Z-pinch physics has developed rapidly in the last f
years. The use of wire arrays has resulted in the effic
conversion of pulsed power generated electrical current
thermal x rays. Nearly 2 MJ of thermal x rays have be
generated by this approach1 with an overall efficiency greate
than 15%, and much higher efficiencies should be poss
with pulse power machines optimized for efficiency. Z-pin
generated thermal x rays have been used to drive hohlrau2

to temperatures greater than 145 eV, which is high enoug
be of interest for driving inertial fusion capsules. One inert
fusion scenario3 is to use two Z pinches to drive a centr
hohlraum containing a fusion capsule. Since Z-pinch imp
sions are subject to the Rayleigh–Taylor instability, this a
proach has the advantage of separating the nonunifor
emitting Z-pinch implosion from the inertial fusion capsul
but at the price of relatively low efficiency. Calculation3

indicate that high yields~;0.4–1.2 GJ! could be obtained
with 16 MJ of x-ray energy provided by two pinches drive
with approximately 60 MA of current each. An alterna
scheme4 could provide much higher efficiency and thu
lower the driver energy. In this ‘‘dynamic hohlraum’’ ap
proach, a Z-pinch plasma is imploded onto a ‘‘converto
which surrounds the capsule. Numerical simulations5 indi-
cate that a single pinch with 12 MJ of kinetic energy~55
MA ! could drive a 0.5 GJ yield capsule, using this approa
Recent experiments indicate that the radiation gener
within this convertor is relatively unaffected by th
Rayleigh–Taylor instability6 indicating that this higher effi-
ciency approach may indeed be feasible.

Pulse power machines are robust and inexpensive w
compared to other approaches for generating high en
4291070-664X/2003/10(2)/429/9/$20.00
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densities, such as lasers or heavy ion beams, and the c
bility to operate reliably at high repetition rates has be
demonstrated at small scale.7 Thus pulsed power driven Z
pinch could be an attractive approach to inertial fusion
ergy. However, a Z-pinch driven fusion explosion will d
stroy a portion of the transmission line that delivers the el
trical power to the Z pinch. On the present Z machine, th
electrodes are constructed from five tons of stainless s
The cost of repairing the transmission line would outwei
the value of the energy created by the fusion explosi
Thus, up until recently, it has been assumed that this te
nology is limited to single-shot experiments.

Various means of providing standoff for Z pinch hav
been suggested. One possible approach8 is to use a high ve-
locity projectile to compress a seed magnetic field. The co
pression of the field can generate the large current require
drive a Z pinch. This approach has difficulty generating sh
current pulses and will require either a large area projec
an opening switch or a very largeB@1 T seed field. The
seed field could possibly be generated by an electron be
but this results in a fairly complicated and probably expe
sive system. Another approach is to use an ion beam to
liver power to an inverse diode9 as proposed by one of th
authors~S.A.S.!. The inverse diode is a magnetically ins
lated gap, which also serves as a transmission line to de
current to the Z pinch. The cathode side would be co
structed from a thin foil that allows the ions to pass throug
delivering their current to the anode. This current then flo
through the Z-pinch wire assembly and back to the cath
foil. A potential problem in the inverse diode is that the lar
space-charge of the beam current is sufficient to genera
virtual anode that could reflect the ion beam, unless electr
© 2003 American Institute of Physics

license or copyright, see http://pop.aip.org/pop/copyright.jsp



ive
a

eld

ul
em
m

ffi
a

a
le
io
m
o

is

th
is
sl
io
ia

o

-
nt
m
o
on
n
n
ng
es
ed
a
gh
e
e

wi
on

w
si
o
ld
na
as
th
n
re
i

io
r

n.
fu
s
n

h
n-

ere
itor

ur-
re-
ser-
rge
part.
es.

s not
ini-
in

c-
n of
is

ec-
sive
ult
pli-
can
nts
ery

is-
ith

ons.
heets
e
his
we
use
con-
des
the
in

of

he
etic
ine
This
gth
rate
ard
the
h
es,

430 Phys. Plasmas, Vol. 10, No. 2, February 2003 Slutz, Olson, and Peterson
can effectively neutralize this space-charge. The effect
ness of the electron neutralization depends on electrom
netic fluctuations that allow them to cross magnetic fi
lines. Analytic theory10 and numerical simulations11 suggest
this process is very effective. However, this process wo
have to be studied experimentally. Another potential probl
is that the anode of the inverse diode will become a plas
and thus a source of ions. This will result in a loss of e
ciency. The problem may be reduced by using a high-Z m
terial for the anode, but surface contamination by hydroc
bons could still be a problem. This approach has comp
physics issues that must be resolved. Also the inverse d
will be destroyed on each shot. Since it is a moderately co
plicated piece of equipment this approach may not be c
effective.

The most promising concept is the recyclable transm
sion line ~RTL!, which emerged at a workshop9 at Sandia
National Laboratories and was developed further at
Snowmass12 workshop on fusion energy. This concept
much simpler than the two we have discussed previou
The idea is to construct the final portion of the transmiss
lines which delivers current to the Z pinch out of mater
that can be recycled inexpensively.

These RTLs could be formed inexpensively by casting
appropriate materials such as the reactor coolant flibe~fluo-
rine, lithium, beryllium!. Since flibe is an insulator, a con
ducting coating would be required. Preliminary experime
on the Saturn facility indicate that either lead or aluminu
could be used.13 Recent analysis suggest that an alloy
iron/carbon/tungsten would be a better choice for the c
ducting material. The components of this alloy are inert a
immiscible in flibe, and will form a solid precipitate that ca
be recovered mechanically from the molten flibe by filteri
and centrifugation processes. Activation products from th
materials have relatively short half lives, so no long-liv
radioactive waste would be generated. By maintaining c
bon and tungsten concentrations around 1%–2% by wei
the iron maintains the properties of steel and can be form
using the same processes used for fabricating sheet-m
components of automobiles, although remote fabrication
be required due to the activity from short-lived activati
products.

In this paper, we investigate the option of using lo
mass RTLs as a means of reducing the cost of reproces
Low mass RTLs could be used for inertial fusion energy,
to help reduce the cost of a single shot facility high yie
facility such as the proposed X-1 accelerator. An additio
application is pulsed nuclear space propulsion. Low m
RTLs are critical to this application because a portion of
RTL will become part of the rocket propellant. The portio
of the RTL that impacts the craft could be captured and
cycled. Since the portion of the RTL that is not captured
proportional to the total mass of the RTL, high specific im
pulses require low mass RTLs. Details of this applicat
will be presented in a future publication. The present wo
will focus on the Z-pinch inertial fusion energy applicatio

Large currents are needed to drive Z-pinch inertial
sion. Numerical simulations5 indicate that a current in exces
of 55 MA will be required to drive a capsule with a fusio
Downloaded 08 Mar 2004 to 134.253.26.4. Redistribution subject to AIP 
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yield of 500 MJ. Numerical simulations, results of whic
will be published in a future article, indicate that substa
tially higher currents~;100 MA! will be required to drive
capsules with a yield of several giga joules. Note that th
are several high gain scenarios such as the fast ign
concept14 that could substantially reduce the required c
rent. However, we shall assume that roughly 100 MA is
quired throughout the rest of this paper to maintain a con
vative stance. High drive current generates very la
magnetic pressure, which tends to push the electrodes a
This motion is opposed by the inertial mass of the electrod
The requirement that the gap between the electrodes doe
change excessively during the current pulse places a m
mum inertial mass for the electrodes. This is calculated
Sec. II.

It is found that the required areal density of the ele
trodes decreases strongly with radius and the outer portio
the RTL could be very thin. This calculated thickness
much smaller than the resistive skin depth of the cold el
trode material. This suggests that there might be exces
resistive losses if very thin electrodes are used. It is diffic
to calculate the magnitude of this effect, due to the com
cated nature of surface breakdown phenomenon which
lead to highly conducting plasmas. Therefore experime
were performed to investigate the resistive effects of v
thin electrodes. These experiments indicate that 20mm of
mylar is sufficient to carry the current with acceptable res
tive losses. This result indicates that a transmission line w
a mass as little as 2 kg could be used for energy applicati
Note that we have assumed that the electrodes are thin s
of material, possibly in the form of ribbons. An alternativ
idea,9 suggested by Hammer, is to use an array of wires. T
might allow even smaller transmission wire masses, but
were concerned that the explosion of the wires might ca
unacceptable power flow losses so we pursued the more
servative scenario. The experiments on thin sheet electro
are described in Sec. III. Some issues associated with
magnetic insulation of the transmission line are included
Sec. IV. A discussion of the results is provided in Sec. V.

II. CALCULATIONS OF MINIMUM RTL INERTIAL
MASS

The RTL option for standoff is to construct a portion
the MITL ~magnetically insulated transmission line! out of
material that can be recycled. We wish to minimize t
amount of material that is recycled each shot. The magn
field generated by the current within the transmission l
produces a pressure which pushes the electrodes apart.
pressure is typically much higher than the material stren
of the electrode materials so the electrodes will accele
away from each other during the current pulse. This outw
motion of the electrodes increases the inductance of
transmission line making it more difficult to deliver the hig
currents required by the Z pinch. Assuming thin electrod
the movement is determined by Newton’s equation

F5
B2

2m0
A5M

d2x

dt2
, ~1!
license or copyright, see http://pop.aip.org/pop/copyright.jsp
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wherex is the displacement of the electrodes and the m
netic field is determined by the relationB5m0I /2pr . The
current profile produced by pulsed power accelerators s
as Z can be approximated by

I 5I pS 3)

2 D 1/2

tA12t4, ~2!

where I p is the peak current,t5t/tp and tp is total current
pulse length. This form admits an analytic solution to t
Z-pinch implosion,15 which we shall find useful. Equation
~1! and ~2! yield the result

x~ tp!5
11)

224pG~r ! S m0

4p D S I ptp

r D 2

, ~3!

whereG~r ! is the areal density~kg/m2! of the electrodes. As
can be seen from Eq.~3!, the electrode motion is limited by
the areal density~thickness! of the electrodes. Thus the ac
ceptable amount of electrode motion determines the m
mum areal density of the electrodes and hence the total m
of the transmission lines.

The electrode motion needs to be limited to a small fr
tion, Dg, of the transmission line gap,g. The outer portion of
a low mass electrodes will have little shear strength. T
limits this portion of the transmission line to sections of co
ics which can be supported by tensile strength alone.
example of this geometry is shown in Fig. 1. Note that
central portion of the RTL needs to be much thicker since
magnetic field pressure scales asr 22. Therefore the centra
section can have a more complicated structure such as
depicted in Fig. 1. Power flow experiments indicate that
gap must remain finite near the pinch. Therefore we ass
a gap given by

g5g01Du~r 2r 0!. ~4!

Using Eqs.~3! and ~4! we can solve for the areal density o
the electrodes

G~r !5
11)

112p S m0

4p D tp
2I p

2

Dgr2@g01Du~r 2r 0!#
, ~5!

which scales roughly asr 23 for r @r 0 . At some radius,r x ,
the areal density of the electrode as calculated by Eq.~5!
could be smaller than a minimum,Gn , required for structural
strength or to conduct the current with acceptable resis

FIG. 1. A schematic of a low mass transmission line.
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losses. We shall assume thatG5Gn for r .r x . The total
transmission line mass, assuming two electrodes, is t
found from the integral

M tot52E
r 0

RT
2prG~r !dr ~6!

with the result

M tot5
11)

28Dg S m0

4p D tp
2I p

2

@g02Dur 0#
lnH g0r x

r 0@g01Du~r 2r 0!#J
12pGn~RT

22r x
2!. ~7!

Since this function decreases monotonically withDu, it is
instructive to consider the limitDu5Gn50, which yields

Mmin5
11)

28Dg S m0

4p D tp
2I p

2

g0
lnS RT

r 0
D . ~8!

Using values appropriate for a fusion reactor, i.e.,I p

5100 MA, r 053 cm, RT54 m, tp5150 ns, andDg50.1,
we obtain the surprisingly small result thatMmin50.37 kg.
This should be compared to the mass of the transmission
in the Z accelerator, which weighs approximately 5 to
Note that four transmission lines are used in the presen
accelerator with a current adding convolute just before th
pinch. Using only two electrodes increases the voltage
quirement, as calculated in Sec. IV. The higher voltage
quirement should be attainable with a properly modified
celerator using present technology. Using these sa
parameters, Eq.~5! yields

G~r !5
11)

112p S m0

4p D tp
2I p

2

Dgr2g0
5

6.131023

r 2 kg/m2, ~9!

wherer is in meters. At a 1 mradius, this corresponds to a
electrode thickness of 0.75mm for steel or 6mm for plastic.
If such extremely thin electrodes cannot be construc
which can carry the large currents needed to drive the
pinch, the mass of the transmission line will be dominated
the second term in Eq.~7! and to a good approximation th
transmission line mass needed to drive a fusion capsul
given by the simple expression

M tot52pGnRT
2. ~10!

In Sec. III we present the results of experiments on the S
urn facility to determine the appropriate value ofGn .

III. LOW MASS TRANSMISSION LINE EXPERIMENTS

In Sec. II it was found that, at the outer portion of th
low mass RTL, very thin electrodes have sufficient inertia
resist the current generated magnetic pressure. This elec
thickness is much smaller than the resistive skin depth
typical cold electrode materials~;50 mm for aluminum!.
This suggests that there might be excessive resistive loss
very thin electrodes are used. However, it is difficult to c
culate the magnitude of this effect, due to the complica
nature of surface breakdown phenomenon, which can lea
license or copyright, see http://pop.aip.org/pop/copyright.jsp
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highly conducting plasmas. Therefore we designed an
periment to investigate the resistive effects of very thin el
trodes. A schematic of the experimental setup is depicte
Fig. 2. Current is fed from the top by the Saturn accelera
with a nominal maximum short circuit current of about 1
MA. The test hardware is a coaxial transmission line with
short circuit at the end furthest from the accelerator~bottom!.
Since the transmission line is only 30 cm long it acts a
lumped inductance of approximately 4 nH. This brings t
peak expected current down to about 9 MA. The hardwar
divided into three azimuthal sections of 120° each, which
held together on the top and bottom by rings. Current mo
tors ~Bdots! are placed in each of the azimuthal segments
the positions labeled in Fig. 2. The top and bottom Bd
determine the degree of magnetic insulation obtained wi
the transmission line. The top and bottom Bdots should h
the same current profiles if the transmission line is 10
insulated. If the test electrode has a significant resista
current will flow through the shunt electrode. This current
monitored by the middle Bdots.

Three carbon steel test electrodes of thicknesses
100, and 50mm were tried. Carbon steel has been identifi
as an excellent electrode material for Z-pinch driven fus
energy, due to its low activation and good separability fro
the reactor coolant material flibe. We also tried a 20mm
mylar test electrode as a possible candidate material
pulsed nuclear space propulsion.

FIG. 2. A schematic of the experimental design.
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The measured currents for these four shots are plotte
Fig. 3. A significant loss of current just below the top Bd
was indicated by post-shot inspection of the hardware for
of the shots except the 100mm steel~case b!. This is consis-
tent with the measured currents at the top being larger t
the bottom, except for case b, where the bottom curren
slightly higher than at the top for a period of time. Since th
is not actually possible, the difference gives some measur
the accuracy of the measurements. We speculate that the
rent loss was caused by the glue which was used to attach
test electrode just below the top Bdot monitor. We will u

FIG. 3. The currents plotted as a function of time for~a! 250 mm carbon
steel,~b! 100 mm carbon steel,~c! 50 mm carbon steel, and~d! 20 mm of
mylar.
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the bottom Bdot current as a measure of the current that
carried by the test electrodes.

The current measured by the middle Bdots is consid
ably lower than either the top or the bottom for all of th
shots. This is the current carried by the shunt electrode
can be seen this current is negligible for the 250mm case and
increases as the test electrode thickness is decreased.
most of the current is being carried by the test electro
during the time of a typical Z-pinch implosion~;1.2–1.3
times the current rise time or about 100 ns for the Sat
accelerator!. The top and bottom current monitors rema
near the peak current for 400 ns after the initial rise. T
behavior has often been seen with Bdot monitors. It is of
assumed that the Bdots ‘‘flash’’~short out possibly due to
plasma formation in the loop! and do not register the nega
tive voltage required to bring the integrated current ba
down. However, the rising current measured by the mid
Bdots in this experiment implies that there is at least 4 M
of current carried by the cathode 400 ns after the initial c
rent rise. This suggests that the top and bottom Bdots h
not flashed and are actually measuring current which tak
long time to be resistively damped.

The fraction of the current carried by the test electrode
plotted for each shot in Fig. 4. The current carried by the
electrode is the difference between the bottom current
the middle current. This is then divided by total curre
which is given by the bottom monitor. Note that the fracti
of the current carried by the test electrode is high for all
carbon steel shots and that the fraction increases with th
ness as we would expect. The 20mm mylar electrode ap-
pears to start off as an insulator and then breaks dow
carry most of the current. It should be noted that the fract
of the current carried by the test electrode would increas
the shunt electrode was moved further away due to incr
ing inductance. In a reactor scenario the first wall would p
the role of the shunt electrode and due to the very la
inductance would carry an insignificant current. Thus
fraction of the current carried by the test electrode is onl
qualitative measure of performance.

The data can be used to obtain an effective resistanc

FIG. 4. The fraction of the current carried by the test electrode as a func
of time.
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the test electrode. The current carried by the test electrod
the difference between the bottom and the middle curre
The voltage across the test electrode is approxima
LdI/dt, whereL;4 nH is the inductance between the te
and shunt electrodes (gap53 mm) anddI/dt is given by the
unintegrated middle Bdots. Dividing the voltage across
test electrode by the current it carries yields a measure of
resistance of the test electrode. This effective resistanc
plotted for each of the shots~except 250mm steel! in Fig. 5.
The 250mm steel test electrode showed negligible effect
resistance. This is presumably because the electrode wa
thick for the magnetic field to diffuse through during th
pulse. The rising portion of the resistance for the other s
test electrodes is probably due to the finite time it takes
magnetic diffusion. The falling portion of the curve shou
be more representative of the true resistance of the electr
Note that the 20mm mylar test electrode starts with a hig
effective resistance. This is because the mylar is initially
insulator and the magnetic field diffuses quickly through
As the mylar breaks down the effective resistance drops
low the thicker steel electrodes, probably because a relati
low atomic number plasma is formed at the surface.

We estimate the energy lost due to joule heating from
integralEjoule5*0

t Reff(t)I(t)
2dt, whereI (t) is the full current

entering from the test electrodes. The maximum energy
Saturn could deliver to a Z-pinch load (Emax;140 kJ). We
plot the ratio ofEjoule/Emax as a function of time in Fig. 6.
An optimal Z-pinch implosion occurs a little after peak cu
rent ~;350 ns! in this experiment. At that time the resistiv
losses are approximately 7%, 32%, and 56% for 100mm
steel, 50mm steel, and 20mm mylar, respectively. The pro
gression of increased losses with decreasing electrode th
ness is clearly indicated. The Z-pinch energy and the re
tive loss both scale asI 2, but the resistance also scales
LT /r T , whereLT is the length of the transmission line an
r T is the radius. If we scale our experimental data up to
transmission line carrying 100 MA of current we must i
crease the transmission line radius by roughly a factor of
(r T540 cm) to maintain the same current density. Thus
fractional loss will be the same for a transmission line len

nFIG. 5. The effective resistance of the test electrodes is plotted as a fun
of time.
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of 3 m. The required standoff distance is not well know
Calculations indicate16 that 4 m should be adequate even f
yields of several giga joules. AssumingRT54 m, we have
estimated the resistive losses for each test electrode mat
We also use Eq.~10! to estimate the total mass of the lo
mass RTL assuming the minimum areal density is the sa
as each of the test electrodes. The results are summariz
Table I.

The resistive losses should be considered only a ro
estimate, since that actual geometry will not be the sam
the experiment~conics rather than coaxial!. These results
indicate that the low mass RTL mass can be quite mod
~;80 kg! with a very small resistive loss~;7%!. Substan-
tially lower masses could be used with an acceptable
crease in resistive losses. Pulsed power accelerators
been designed with efficiencies approaching 50%. In Sec
we show that roughly 1/2 of the forward going power del
ered by the accelerator can be converted to kinetic energ
a Z pinch. Thus the overall efficiency of a system using
mm mylar electrodes would be approximately 10%. Since
conversion of Z-pinch kinetic energy into radiation is ve
efficient,1 we can expect an overall efficiency of about 10
This is competitive with the most efficient proposed las
drivers. Increasing the electrode mass to tens of kilogra
would double the efficiency. Such low masses should red
the cost of recycling transmission lines in an inertial fusi
energy application. However, Eq.~10! is not an adequate
approximation for applications such as microfission or m
netized target fusion that use long current pulses~.150 ns!.
We then need to determine the appropriate value ofDu,
which is determined by requirements of power flow in t
transmission line.

FIG. 6. The calculated resistive loss in the test electrode is plotted
function of time.

TABLE I. Summary of experimental results.

Electrode G ~kg/m2! M tot (kg) Resistive loss%

20 mm mylar 0.02 2.0 55
50 mm steel 0.4 40.0 32
100 mm steel 0.8 80.0 7
250 mm steel 2.0 200.0 ,1
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IV. POWER FLOW

A. Magnetic insulation

We shall now find the relationship between the value
Du and the degree of self-magnetic insulation of the lo
mass RTL. The condition for magnetic insulation is appro
mately

V,Bgc, ~11!

whereV is the voltage applied to the transmission line. T
time for the current pulse to propagate through the transm
sion line will be short (;RT /c;10 ns) relative to the rise
time of the pulse~.100 ns! and so it will act approximately
as a lumped inductance. The voltage along the transmis
line will then be given by

V~r !5LTL~r !
dI

dt
1

d

dt
~LpI !, ~12!

whereLp is the inductance of the Z pinch andLTL(r ) is the
inductance of the transmission line between the pinch an
radius, r. The inductance of the Z pinch increases as
pinch collapses. The radius of the pinch can be calcula
analytically for the current profile of Eq.~2! with the result
r 5r 0(12t4). The pinch inductance is thus

Lp<
m0

2p
l p lnS r 01g0

r 0~12t4! D , ~13!

whereg0 is the initial gap between the pinch and the retu
current electrode,r 0 is the initial radius of the pinch plasma
and l p is the length of the pinch. We place an upper limit o
the pinch inductance during the rising portion of the curre
pulse by using the pinch radius at peak current, i.e.r
52r 0/3. Usingg052 mm, r 053 cm, andl p53 cm we find
that Lp;3 nH.

The inductance of the transmission line is

LLT~r !5
m0

2p H ~g02Dur 0!ln
r

r 0
1Du~r 2r 0!J . ~14!

Substituting Eqs.~13! and ~14! into Eqs.~12! and Eq.~11!,
then settingdI/dt5I p /t r , and using the maximum value o
Lp , we find thatDu>umin , where

umin5maxS g0S lnS r

r 0
D2

FLctr
r D1

2pLp

m0

~RT2r 0!S FLctr
r

21D1r 0 lnS r

r 0
D D , ~15!

for r 0<r<RT , whereFL is the fraction of the peak curren
needed before the transmission line is magnetically in
lated, andt r is the time to peak current. Defining

a5
FLctr

RT
, ~16!

we find

a
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umin5

g0S lnS RT

r 0
D2a D1

2pLp

m0

~RT2r 0!~a21!1r 0 lnS RT

r 0
D . ~17!

Setting RT54 m, r 053 cm, andLp53 nH, the minimum
angle is plotted as a function ofa in Fig. 7. As can be seen
the minimum angle decreases strongly with increasinga.
Substituting this result into Eq.~7!, we calculate the trans
mission line mass which is plotted in Fig. 8 as a function
a. The parameters of the calculation were chosen to be c
sistent with a high yield capsule suitable for energy. T
parameters areDg50.1, I p5100 MA, Gn50.02 kg/m2. The
mass increases for small angles~large a! because the gap
between the electrodes is smaller and less electrode mo
can be tolerated to maintain the sameDg. The smallest value
of t r corresponds to the present Z machine and the mas
nearly independent ofa because the second term in Eq.~7!
dominates. As can be seen the first term of Eq.~7! cannot be
ignored ast r is increased. Clearly the transmission line ma
is minimized by decreasinga. Note thata must be greater
than zero to maintain a finite value ofumin . However, in-
creasingDu increases the transmission line inductance a
thus the voltage needed to drive the current. Using Eqs.~12!

FIG. 7. The calculated minimum angle between the transmission line e
trodes is plotted as a function ofa.

FIG. 8. The RTL mass plotted as a function ofa for several values of the
current rise time.
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and~14!, the driving voltage has been calculated. The res
are shown in Fig. 9. As can be seen, the voltage is decre
by increasing the rise time of the current pulse and by
creasinga.

Since the power is the product of current times volta
it is clear that the total energy delivered to the transmiss
line will increase with driving voltage. However, the energ
delivered to the pinch is only dependent on the current
given by15

Ep5A3lpS m0

2p D I x
2. ~18!

Thus the efficiency of delivering energy to the pinch w
increase witha. We calculate this efficiency using Eqs.~2!
and~11!–~18!. The result is plotted in Fig. 10 for two value
of the transmission line radius. As can be seen, the efficie
is not a strong function of the transmission line radius. N
that it is independent of the current rise time at a fixed va
of a.

Equation~16! indicates that increasinga corresponds to
greater current lost before the transmission line becom
self-magnetically insulated. If the transmission line rema
uninsulated for too long, surface plasmas may be form
These plasmas could cause unacceptable leakage cu

c-FIG. 9. The required driving voltage is plotted as a function ofa for several
values of the current rise time.

FIG. 10. The efficiency is plotted as a function ofa for two values of the
transmission line outer radius.
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later in the pulse. Therefore there is a maximum pract
value for a. The existing Z accelerator is self-insulated
about 0.15 of the peak current, i.e.,FL50.15. This corre-
sponds toa;1.5 for a 150 ns rise time. Experiments will b
needed to determine if larger values ofa can be used and i
the value depends on the rise time of the current pulse. U
the valuea51.5, the required driving voltage is approx
mately 8 MV and the efficiency is approximately 44% for
150 ns rise time current pulse. The present Z accelerato
driven with about 3 MV, so this is not a very large extrap
lation. The efficiency of 44% is quite acceptable. In princip
this could be improved if a scheme to recapture the magn
energy were devised.

B. Ion losses

The results of our experiments indicate that 20mm my-
lar electrode may be about the minimum electrode thickn
thus Gn;0.02 kg/m2. A 20 mm foil is fairly strong, but
would wrinkle easily. These wrinkles could be smoothed
by applying outward tension at the transition between
permanent electrodes and the low mass RTL. There ma
some difficulty removing all of the wrinkles if the electrode
are a complete disk. A convenient alternative is to use tra
zoidally shaped ribbons as shown in Fig. 11. This arran
ment should make it much easier to remove wrinkles, but
edges could enhance a plasma breakdown process.
could be a concern if such a plasma forms on the anode
of the transmission line and allows ions to be accelera
across the gap. This ion current would not be delivered to
Z pinch and thus is a loss. The magnitude of this effect
be estimated as follows. Assume that some fraction,f A , of
the available anode area forms a plasma that acts as a s
charge-limit ion source. The ion current density is then giv
by the Child–Langmuir law

J5
4

9
«0A2e

m

V3/2

d2 . ~19!

If we assumed5rDu, the voltage found from Eq.~12! is
simplified to the following form:

FIG. 11. A schematic of a disk electrode composed of triangular rib
sections.
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V'
m0

2p
Du

I p

tr
r . ~20!

We then perform the integral

I loss5E
0

Rr
2pJr dr ~21!

with the result

I loss

I p
5

8

27S em0I p

pmDu D 1/2 f ART
3/2

c2t r
3/2 '0.26f A ~22!

assumingI p5100 MA, Ls54 m, andDu50.01, which cor-
responds toa51.5. Since plasma will only be formed at th
boundaries,f A!1 and the ion loss current should be neg
gible. This analysis suggests that ribbons could be used
fact the experiments reported in Sec. III used three secti

Note that the existing Z accelerator delivers power e
ciently through four transmission lines with an outside rad
of about 2 m. This implies that most of the anode area
these transmission lines does not become a space-ch
limited source of ions. Experiments will be needed to det
mine if this benign behavior persists at the high current d
sities required to drive fusion capsules.

V. DISCUSSION

We have investigated the issue of minimizing the ma
of a transmission line which delivers current to a Z pinc
We have shown that electrode thickness needed to pro
sufficient inertia against the current induced magnetic fi
decreases strongly with radius and corresponds to very
electrodes at the outer portion of the transmission line.
have performed experiments that indicate a minimum e
trode thickness is required to avoid excessive resistive los
These experiments indicate that 20mm of mylar is sufficient
to carry the current with acceptable resistive losses. T
result indicates that a transmission line with a mass as l
as 2 kg could be used for fusion energy applications. Incre
ing the RTL mass to a few tens of kilograms would result
negligible resistive losses. Reducing the mass of the tra
mission line will lower the cost of recycling the RTL, but a
even more important effect is to lower the momentum de
ered to the reactor vessel and the current feeds. Mate
close to the fusion explosion will be vaporized. The bla
from this material should be effectively stopped by a scre
of liquid, e.g., a flibe waterfall. At some distance from th
explosion, the material will fragment, but remain solid.
may be more difficult to shield against this shrapnel. It
clear that minimizing the mass of the transmission line
large radii will be an advantage. In fact a significant porti
of the outer transmission line will be vaporized by the cu
rent driving the Z pinch. Detailed calculations of these p
cesses will be needed to determine if the RTL is a via
concept for obtaining fusion energy with Z pinches.
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terrestrial atmosphere (Fig. 1), suggesting that opaque grains and
matrix portions are poor in subsolar gas. On the other hand, one
matrix portion (4Mx in Table 1) shows a high 132Xe concentration
along with elemental ratios essentially identical to those of `Q-
gas'Ðthis indicates that residual `phase-Q' is located in the matrix
portion, as in other chondrite classes2.

How were large amounts of noble gases trapped in chondrules
and retained within the chondrule-forming minerals? Implantation
of high-energy particles from the young Sun would explain the
high 36Ar concentration in silicate materials, as in the case of lunar
soils abundant in solar gases7. For example, the `X-wind' model15

proposed particle irradiation in the early Solar System. Our
estimate predicts that diffusive loss16 of solar-type noble gases
from silicate melt can explain 20Ne/36Ar/132Xe ratios and abun-
dances of subsolar gas. In the calculation, we assumed that Ne, Ar
and Xe of initial concentrations equal to lunar soil7 migrated
through chondrule-sized materials heated at 1,600 K for 1,000 s.
Even the energetic solar ¯are particles (up to 100 MeV per nucleon)
can penetrate at most 1 mm into silicate matter17, and hence
noble-gas implantation would have occurred on ®ne grains of
chondrule-precursor materials. If this is the case for the subsolar
gases in chondrules, it is reasonable to expect that chondrules in
other chondrite classes might also contain solar-type noble gasÐ
in contrast to the limited reports that most chondrules in other
chondrites are free of primordial noble gases2±4. Alternatively,
chondrules in each chondrite class might have been produced
from different precursor materials, and/or through different
heating events during which solar gases trapped in the chondrule
precursors would be lost due to high peak temperatures and a
slow cooling rate.

On the other hand, astronomical observations have established
that young solar-mass stars go through a phase of increased
activity (the T Tauri phase), during which particle ¯uxes are
considerably greater18 than present solar ¯uxes. If abnormally
high-energy particles were available during this active phase,
they could have penetrated into the interior of chondrules; thus
noble-gas implantation onto the surface of the EC parent body at
the inner region of protosolar nebula could be responsible for the
subsolar gas in chondrules. The elemental ratios of subsolar gas in
chondrules can be explained by diffusive loss of solar-type noble
gases, as mentioned above, while the subsolar-gas depletion in
matrix portions could be the result of diffusion loss through small
silicate grains (5 mm across). However, explaining the absence of
noble gases in large opaque grains remains dif®cult.

Other mechanisms for trapping noble gases are adsorption on
chondrule precursor materials, and solution into enstatite melt. The
high concentrations of noble gases found in chondrules means that
a high adsorption ef®ciency would have been requiredÐthis, in
turn, requires very low temperatures. And such low-temperature
adsorption would have brought a large amount of water into
chondrule precursor materials: but there are no hydrous minerals
in ECs19, so we consider this mechanism unlikely. The solution of
solar-nebula Ar in an enstatite melt20 is also unlikely, because it
would have required very high gas pressures during chondrule
formation to compensate for the low solubility. M

Methods
Extraction ef®ciencies of the laser system were determined by comparing noble-gas
concentrations obtained by the laser-ablation method with those obtained by a conven-
tional total-melting method. Laser pits (,200 shots) were made at even intervals over the
whole surface of thin slices (S6 and S8) as a check pattern, and gave a modal abundance of
ablated minerals similar to that of each whole rock. The same samples as used for the laser-
ablation method were heated at 1,800 8C for 20 min in a Mo crucible. The total-melting
method guarantees complete degassing and thus no elemental fractionation. Based on the
experiment, we estimated extraction ef®ciencies of 1.39, 1.09 and 1.08 for 36Ar, 84Kr and
132Xe, respectively. Though a slight increase in the extraction ef®ciency for the lighter
noble gas 36Ar was observed, the mass releasing 36Ar is only 40% larger than the melted
material in each laser pit. Hence the spatial resolution of the laser system for 36Ar is only 1.2
times as large as the apparent diameter of the laser pitÐtypically 50±80 mm.
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Modern high-power lasers can generate extreme states of matter
that are relevant to astrophysics1, equation-of-state studies2 and
fusion energy research3,4. Laser-driven implosions of spherical
polymer shells have, for example, achieved an increase in density
of 1,000 times relative to the solid state5. These densities are large
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enough to enable controlled fusion, but to achieve energy gain a
small volume of compressed fuel (known as the `spark') must be
heated to temperatures of about 108 K (corresponding to thermal
energies in excess of 10 keV). In the conventional approach to
controlled fusion, the spark is both produced and heated by
accurately timed shock waves4, but this process requires both
precise implosion symmetry and a very large drive energy. In
principle, these requirements can be signi®cantly relaxed by
performing the compression and fast heating separately6±10; how-
ever, this `fast ignitor' approach7 also suffers drawbacks, such as
propagation losses and de¯ection of the ultra-intense laser pulse
by the plasma surrounding the compressed fuel. Here we employ a
new compression geometry that eliminates these problems; we
combine production of compressed matter in a laser-driven
implosion with picosecond-fast heating by a laser pulse timed to
coincide with the peak compression. Our approach therefore
permits ef®cient compression and heating to be carried out
simultaneously, providing a route to ef®cient fusion energy
production.

In order to heat the compressed matter separately, the heating
energy needs to be deposited on a timescale of less than 10-11 s, as the
compression disassembles on this timescale. This is the fast ignitor7

approach. Present-day short-pulse laser technology is, in principle,
capable of delivering suf®cient energy in the required timescale, the
largest laser to date having a peak power of 1015 W and pulse
durations of 10-12 s (ref. 11). The laser energy is coupled to
the highly compressed plasma via relativistic electrons that are
ef®ciently generated when such an ultra-intense laser interacts
with a high-density plasma11±21. The extremely large electromagnetic
®elds of the laser accelerate the electrons into the high-density
matter. (For a laser with a wavelength of 1 mm, the typical conversion
ef®ciency to the relativistic electrons has been measured to be about
30±40% at intensities above 1019 W cm-2 (refs 10, 21).) The electrons
then propagate to the high-density region where they deposit their
energy.

We have measured the propagation of such relativistic electrons
in a solid, and the associated heating effects, by examining the
interactions of a 40-TW/0.5-ps laser pulse with a solid aluminium
target. Images (obtained using ultraviolet light; Fig. 1) showing
heated regions were temporally separated from any other hydro-
dynamic heating such as shock-wave and/or heat-wave propagation

processes by the use of a two-dimensional (2D) spatially resolved
high-speed sampling camera22. The heating images indicate the
propagation of the high-density electrons and collimation with a
divergence (full-width at half-maximum) of 20±308. The propaga-
tion of the large relativistic electron current is made possible by a
return current of colder electrons that compensates the relativistic
current almost perfectly. Magnetic ®elds associated with the current
¯ow also serve to keep the electrons ¯owing initially in a narrow
®lament of the order of the laser spot diameter23±25.

The experiments on heating of ultrahigh-density plasmas were
performed on the Gekko XIII laser at the University of Osaka.
This laser has 12 beams for nanosecond pulses, with a maximum
energy of 15 kJ at 0.53 mm wavelength, and a synchronized
subpicosecond-pulse beam with a power of 100 TW and a pulse
energy of 60 J (ref. 26). Conventional laser fusion experiments are
conducted with spherically symmetrical targets to achieve high
densities and the formation of the spark. This geometry was also
envisaged in the original fast ignitor proposal7. Potential problems
with this approach are propagation losses and de¯ection27 of the
ultra-intense laser pulse in the plasma surrounding the highly
compressed plasma, and the transport of the relativistic electron
beam through a substantial length of a plasma28. Here we describe
an experiment that departs from the original arrangement by
inserting a gold cone (with an opening angle of 60 8) into the shell
(Fig. 2a; and S. Hatchett, unpublished work). The cone is designed
to keep the propagation path of the short-pulse laser free from the
plasma that forms around the imploding shell, thereby completely
avoiding laser propagation issues. The cone tip was set at 50 mm
from the centre of the shell, and ensures that the compressed
dense plasma forms at the tip of the cone while leaving the cone
intact. The proximity between the cone tip and the core plasma
also reduces the sensitivity to electron-beam propagation instabil-
ities and losses. The cone walls are on a radius from the centre of
the shell, minimizing disruptions to the spherical symmetry of the
implosion so that high densities can be achieved. The laser energy
used for compression here was restricted to 1.2 kJ in 1-ns-long
pulses to ensure that the internal energy of the core after
compression (which is about 5% ef®cient) was of similar magni-
tude to the short-pulse laser energy available (,60 J). This
facilitates the measurement of the core plasma heating.

Figure 2b is a typical X-ray image of the implosion of the

40-TW lasera

b

Sampling
camera

Solid AI

500 µm20040

0 1.00.5

40 µm 200 µm 500 µm

Figure 1 Ultraviolet images showing the heating of solid targets by relativistic electrons,

and a sketch of the set-up used to obtain the images. a, 40-TW/20-J laser light was

interacted with the Al solid target to create the electrons. The electrons heated the rear of

the target, and this side of the target was imaged with the high-speed sampling camera.

b, The heating images were obtained with the sampling camera for targets of different

thickness (from 10 mm to 500 mm). The scale bar below the images corresponds to

200 mm on the target. The colour bar presents a linear intensity scale of the emission

normalized by the peak intensity for each of the targets, to show clearly the difference in

pattern. The relative peak intensities are about 5, 1 and 0.8 for the 40-mm, 200-mm and

500-mm targets, respectively.
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deuterated-polystyrene (CD) shell without injection of the short-
pulse laser. The imploded core plasma was created at the centre of
the unimploded shell, close to the tip of the cone. The compressed
density was estimated by time-resolved radiographic measure-
mentsÐthe compressed plasma was illuminated with X-rays from
a secondary target, and the images were recorded on a multi-frame
high-speed camera (100 ps per frame). The core plasma size was
measured in this way to be 40±45 mm in diameter. In addition, the
area corresponding to a density of 0.1±0.5 g cm-3 was obtained from
the reduced brightness of the backlighting radiation surrounding
the core using the calculated opacity (Fig. 2c). We know the initial
mass of the shell target is 4 ´ 10-6 g, the mass of the absorbing area is
2.8 ´ 10-7 g from the opacity measurement, and the remaining

mass after long-pulse laser ablation is 2.2 ´ 10-6 g (the ablated
mass is 1.5 ´ 10-6 g) from both simulations and the experimental
database on the mass ablation rate. From these, we estimate the
average core density as 50±70 g cm-3 for the 40±45 mm core
diameter. Given the non-uniformity of the laser illumination, the
inferred density is consistent with that calculated using two-
dimensional hydrodynamic simulations (an average density of
80±100 g cm-3; Fig. 2c). The simulation also suggests that the
insertion of the cone only marginally reduces the achieved com-
pressed density (by about 20±30%) compared with full spherical
implosion. This shows that implosions with a cone insert are
compatible with achieving the high densities required for achieving
fusion gain, while at the same time allowing for reliable and ef®cient
coupling of the laser to the highly compressed plasma.

We investigated the heating ef®ciency by injecting the 100-TW
heating laser into the cone at the moment of maximum compres-
sion. The electron beam created by the 100-TW laser was
measured with electron spectrometers during interactions with
the cone target; we found that kT for the beam was 2±3 MeV. The
conversion ef®ciency was obtained using the same laser with a
plane target at a similar intensity (1019 W cm-2); the energy of the
electron beam was 18±24 J, representing 30±40% of the laser
energy. To check the shape and divergence of the heated region
associated with the electron beam in this new geometry, the 100-
TW laser was injected into an identical cone target, but the tip of
the cone touched an Al block (with a thickness of 200 mm at the
point of contact), rather than being embedded in the CD shell.
The heating area was elliptical in shape (40 ´ 25 mm2; Fig. 3a), and
the beam divergence was less than 208 from the size (130 ´
80 mm2) of the heated region on the back of the 200-mm Al.
Figure 3b shows an image sequence of the core emission with the
heating pulse injected at the time of maximum compression in the
cone insert geometry. Figure 3c shows a similar sequence, but this
time the heating pulse arrives 150 ps after the peak compression.
The heating due to the short-pulse beam is clearly visible in the
sequence in Fig. 3c: the ®rst peak of the core emission coincides
with the peak compression, and then decreases before peaking
again after the injection of the heating pulse. The size of the
emission region due to the peak in compression is about 30 mm,
and increases to 50 mm after the injection of the heating pulseÐ
in good agreement with the independent measurement of the
heating region using the Al block.

Heating of the highly compressed plasma was quanti®ed by
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Figure 2 The implosion target for ef®cient heating of the highly compressed plasma, an

X-ray image of the implosion, and the density pro®le of the plasma. The scale bars

correspond to 250 mm on the target. a, A gold cone is attached to a deuterated-

polystyrene (CD) shell (500 mm diameter, 7 mm wall thickness). 9 laser beams with a 1-ns

duration are used to implode the shell at the tip of the cone. The 100-TW short-pulse laser

is injected from the open side of the cone. b, Typical X-ray image showing the well

imploded core plasma on the tip of the cone. The dimmer features correspond to the

outline of the cone (left). The halo concentric with the bright core feature is emitted during

the acceleration phase of the shell. c, Density pro®les of the compressed plasma from the

X-ray shadow, and a two-dimensional (2D) hydrodynamic simulation. The densities from

the shadow are obtained by taking into account the opacity calculation. The errors shown

are due to the spatial resolution. The 2D simulation code29 is coupled with a one-

dimensional (1D) simulation code including all the important physics. The initial conditions

of the density and temperature given at the laser plasma interaction phase from the 1D

code are introduced to the 2D code. In the code, incomplete spherical shock convergence

and the interaction of the shell with the cone are treated, including long-wavelength

hydrodynamic instability processes. However, no account is taken of shorter-wavelength

perturbations of the shell caused at the acceleration phase.
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Figure 3 Time-integrated X-ray image of the short-pulse laser heating, and time-resolved

X-ray images of the highly compressed plasma heated by the short-pulse laser. Time

separation between each of the time-resolved images is 100 ps. The red arrows in the

®gure correspond to the timing of the short-pulse laser injection. The scale bar of the

images shows 50 mm on the target. a, The image is observed from the beam-injection

side of the cone attached to an Al block instead of the shell. b, The short-pulse laser was

injected at a time close to the maximum compression of the shell. c, The injection timing is

about 150 ps after the maximum compression. The heating by the short-pulse laser is

temporally separated from the maximum compression heating of the shell.
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measuring the increase in production of thermonuclear neutrons.
Neutrons are generated by the fusion of two deuterium nuclei to a
3He nucleus (d(d,n)3He) in the imploded plasma, and provide a
precise measurement of the plasma temperature. The neutron
energy spectra were obtained using time-of-¯ight scintillator/
photomultiplier detectors from two different angles. Peaks at an
energy of 2.45 MeV are observed, corresponding to neutrons from a
thermonuclear d(d,n)3He reaction. The neutron time-of-¯ight
spectrum in Fig. 4 shows a signal corresponding to a thermonuclear
neutron yield of (2 6 1) ´ 105 neutrons, and was taken when the
heating pulse was injected at maximum compression. This neutron
yield was more than 10 times the numbers ((9 6 1) ´ 103) observed
when no heating pulse was present or when the heating pulse was
not timed to coincide with maximum compression. In order to
replicate the neutron yield achieved at optimal timing in the
conventional fashion (no heating pulse and a spherically symmetric
implosion), a laser energy of 2.6 kJ was required to drive the
implosion. Therefore the total energy required to achieve the
observed neutron yield has been reduced by half, which is a
clear demonstration of the increased ef®ciency that can be
achieved by separating the compression and the heating phase in
laser fusion experiments. These results, summarized in Table 1,
provide (to our knowledge) the ®rst clear evidence of effective
heating of compressed plasma using an ultrahigh-intensity, short-
pulse laser.

The ef®ciency of the energy coupling of the energetic electrons to
the highly compressed plasma can be estimated from the neutron
yield and the heated volume inferred from the X-ray images. In
order to increase the neutron yield by a factor of 10±30, a
temperature increase of about 120 eV (6 20%) is required for initial
temperature regions of several hundred eV. The heated mass is
estimated from the density (50±70 g cm-3), and the volume is
estimated from the size of the electron beam (25 ´ 40 mm2) and
the length of the high-density plasma (40 mm). Taking account of
the beam divergence, the volume might be 1.2±1.3 times larger than
this assumption. The heated distance might also be 30 mm from the

core emission instead of 40 mm. Then the volume assumption will
include an error of about 630%. To heat uniformly the volume of
density 50±70 g cm-3 (25 ´ 40 ´ 40 mm3) requires 12±16 J of the
energetic electrons produced by the short-pulse laser. The total
coupling ef®ciency of this laser to the compressed dense plasma
could therefore be 20±27%, having estimation errors of 6 8% (12±
35%) from the temperature and from the heated volume. This is an
encouraging result.

Using the minimum 20% coupling ef®ciency observed in this
experiment, we estimate the short-pulse laser energy needed to
create a suf®ciently large spark to ignite a deuterium±tritium (DT)
fusion pellet (T = 12 keV, r = 600 g cm-3 and rr = 0.4±0.6 g cm-2) to
be 10±20 kJ (ref. 6), which seems feasible. Of course, we are still
uncertain how the increase in the electron beam current will affect
the propagation and energy deposition in the highly compressed DT
plasma for a full-scale fusion experiment. For example, a fourfold
increase in energy concentration is required as compared with this
®rst demonstration experiment (as a smaller, 16-mm-diameter core
needs to be heated due to the higher compression needed for
ignition). Another issue to be resolved for the future ignition
experiments is the fabrication of a uniform cryogenic fuel layer,
such as a foam shell ®lled with liquid DT fuel. Nevertheless, we
emphasized that the temperature of the energetic electrons used in
our experiment is closely matched to the requirements of a full-scale
fusion experiment. M
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Following their discovery1, carbon nanotubes have attracted
interest not only for their unusual electrical and mechanical
properties, but also because their hollow interior can serve as a
nanometre-sized capillary2±7, mould8±11 or template12±14 in ma-
terial fabrication. The ability to encapsulate a material in a
nanotube also offers new possibilities for investigating dimen-
sionally con®ned phase transitions15. Particularly intriguing is the
conjecture16 that matter within the narrow con®nes of a carbon
nanotube might exhibit a solid±liquid critical point17 beyond
which the distinction between solid and liquid phases disappears.
This unusual feature, which cannot occur in bulk material, would
allow for the direct and continuous transformation of liquid
matter into a solid. Here we report simulations of the behaviour
of water encapsulated in carbon nanotubes that suggest the
existence of a variety of new ice phases not seen in bulk ice, and
of a solid±liquid critical point. Using carbon nanotubes with
diameters ranging from 1.1 nm to 1.4 nm and applied axial
pressures of 50 MPa to 500 MPa, we ®nd that water can exhibit a
®rst-order freezing transition to hexagonal and heptagonal ice
nanotubes, and a continuous phase transformation into solid-like
square or pentagonal ice nanotubes.

Carbon nanotubes can be wetted by liquids4 whose surface
tension does not exceed about 200 mN m-1. Thus, in principle,
pure water can be drawn into open-ended nanotubes by capillary
suction5. Once inside, water molecules are expected to form quasi-
one-dimensional (Q1D) structures that might form new phases of
ice, different from the 13 polymorphic phases of bulk ice identi®ed
experimentally thus far18. We carried out molecular dynamics (MD)
simulations at constant temperature (T) and axial-pressure (Pzz) of
water con®ned within `armchair'19 (R,R) single-walled carbon
nanotubes (SWCNs). We used nanotubes with indices R � 14±18,
corresponding to tubes with diameters of 11.1, 11.9, 12.6, 13.4 and
14.2 AÊ , respectively. The phase behaviour of the con®ned water was

examined in several series of the MD simulations, each series
corresponding to an isobaric path or an isothermal path in the
Pzz±T phase diagram at a given R (see Methods for details).

The ®rst series of simulations follows an isobaric path of 50 MPa.
The temperature was lowered stepwise starting from 320 K or
higher, where the system is in a liquid state, to 240 K or lower.
The potential energy of water in each type of SWCN is plotted in
Fig. 1. In the wide SWCNs (16,16) and (17,17), the potential energy
drops abruptly (Fig. 1c and d) on cooling and jumps sharply on
heating. This marked hysteresis-loop behaviour signi®es a ®rst-
order phase transition. Structural analysis reveals that the low-T
phase is a Q1D n-gonal `ice nanotube' composed of orderly stacked
n-membered water rings20, where n � 6 (hexagonal) in (16,16) and
n � 7 (heptagonal) in (17,17) SWCNs. In both types of nanotube,
the molar volume of water decreases during the liquid-to-ice
nanotube transition; that is, the con®ned water shrinks on freezing.
In the widest SWCN (18,18), however, crystallization was not
observed within the timescale of simulation. In the narrower
SWCNs (14,14) and (15,15), the potential energy also drops
markedly on cooling below 300 K, but the change is not as sharp
as in the wider nanotubes. Structural analysis shows that con®ned
water has liquid-like disordered structure at high T but turns
into solid-like ordered structure at low TÐa square nanotube
in (14,14) and a pentagonal nanotube in (15,15) SWCN. At
240 K, the calculated diffusion constants (along the axial direc-
tion) are D � 3 3 10210 cm2 s21 in the (14,14) SWCN, and
D , 1 3 10210 cm2 s21 in the (15,15) SWCN, which are comparable
to D of bulk ice21. At 300 K, D � 1 3 1025 cm2 s21 and
D � 2 3 1025 cm2 s21 respectively. More interestingly, besides the
less sharp charge in the potential energy, the hysteresis loop was
not observed in the cooling and heating process, a signature of
continuous transformation from liquid-like to solid-like state
of water.

In real-world experiments, the atomic structures of Q1D crystals
can be determined by using transmission electron microscopy11.
Simulations provide this information directly. Figure 2 displays
snapshots of the Q1D n-gonal (n � 4±6) ice nanotubes and the
corresponding Q1D liquid phases inside the (14,14), (15,15) and

³ Present address: Department of Chemistry, U.S. Naval Academy, Annapolis, Maryland 21402, USA
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Figure 1 Potential energy against temperature for water con®ned in four types of single-

walled carbon nanotube. The nanotubes are armchair (R,R) SWCNs, where R � 14±17

(a±d, respectively). The potential energy is due to the water±water intermolecular

interactions, and the water±SWCN interaction energy is excluded. The applied axial

pressure is 50 MPa (circles), 200 MPa (squares), and 500 MPa (triangles). Filled and

un®lled symbols indicate the cooling and heating process, respectively.
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Nuclear fusion

Fast heating scalable to
laser fusion ignition

Rapid heating of a compressed fusion
fuel by a short-duration laser pulse is a
promising route to generating energy

by nuclear fusion1, and has been demon-
strated on an experimental scale using a
novel fast-ignitor geometry2. Here we
describe a refinement of this system in
which a much more powerful, pulsed
petawatt (1015 watts) laser creates a fast-
heated core plasma that is scalable to full-
scale ignition, significantly increasing the
number of fusion events while still main-
taining high heating efficiency at these 
substantially higher laser energies. Our
findings bring us a step closer to realizing
the production of relatively inexpensive,
full-scale fast-ignition laser facilities. 

In advanced laser ignition of fusion3,4,
high-density energetic electrons generated
by petawatt lasers instantaneously heat a
compressed fusion fuel to its ignition tem-
perature with high coupling efficiency5.
We tested fast heating by a petawatt laser6

and the GEKKO XII laser systems on 
targets in which a hollow gold cone (307 or
607 angle) was inserted into a deuterated
polystyrene (‘CD’) shell (500 mm diameter,
7 mm thick)2.

The shell was imploded using nine
beams of the laser system operated at a
wavelength of 0.53 mm and with an energy
of 2.5 kJ for 1.2-ns flat-top pulses. The fast-
heating laser was injected into the cone’s
interior and generated energetic electrons 
at the end of the cone, at the stagnation of
the shell compression with a power of 0.5
petawatts (PW). The imploded core plasma
was created near to the centre of the shell,
close to the tip of the cone; the compressed
density was estimated by using an X-ray
backlight method2 as 50–100 g ml11 for
cores of diameter 30–50 mm. A single laser
oscillator7 was used for both laser systems 
to provide perfect synchronization between
shell compression and fast electron heating.

To quantify the heating of these highly
compressed plasmas, we measured the
increase in thermonuclear neutron pro-
duction as a function of the injection 
timing of the heating pulse, with respect to
the time of peak compression. Neutrons
are generated by fusion of two deuterium
nuclei to form a helium nucleus (atomic
configuration, d(d,n) 3He) in the com-
pressed CD plasma.

Neutron energy spectra were obtained
using time-of-flight scintillator/photomulti-
plier detectors. The coincidence of signals
from detectors at different distances and
angles confirmed that the neutrons were
thermonuclear in origin. Neutron enhance-
ment was about three orders of magnitude

at 0.5 PW, compared with neutrons
obtained with no heating pulse (2–52104

for a 1.2 flat-pulse implosion). 
Figure 1a shows this enhancement as a

function of injection timing of the heating
pulse. The timing of heating was checked
with X-ray streak images, as well as the
injection timing of the pulse to maximum
compression, from hydrodynamic simula-
tions of the shell implosion. Enhancement
was evident during 540 ps, which corre-
sponds to the stagnation time of the
imploded plasma; the heating pulse is 0.6 ps,
which is two orders of magnitude shorter
than the stagnation time. These results 
indicate that heating for ignition might be
achieved by using pulses that are close to
the duration of stagnation.

If a gaussian profile is fitted to the neutron
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spectrum (Fig. 1b), the spectral width of 
the 0.5-PW heating shot is 9055 keV,
which is greater than that (60 keV) for 
0.1-PW heating. The width of the 0.1-PW-
heating spectrum was similar to that for no
heating pulse, which was less than, or close
to, the spectral resolution corresponding to
the ion temperature of 0.4 keV. Taking into
account the spectral resolution, the width
(905keV) for 0.5-PW heating corresponds
to an ion temperature of 0.850.1 keV, indi-
cating that the temperature of core plasmas
could be doubled by this heating. 

This finding is consistent with the
enhancement, by three orders of magni-
tude, of neutron yield through heating; this
indicates that the temperature increases
from 0.3–0.4 to 0.8 keV. Our results are also
consistent with the change in intensity and
spectra of X-rays from heated core plasmas.
The intensity increases by a factor of 1.5–2.0
compared with the absence of a heating
pulse, and a continuum slope of the X-ray
spectra (3–4 keV), temporally resolved with
an X-ray streak camera, shows that the
increase in temperature (150.1 keV com-
pared with 0.4 keV) is more than doubled. 

Neutron yields are summarized in Fig. 1c
for 0.6-ps laser pulses. Simple predictions of
the neutron yield normalized to the yield
without heating from energy conservation
are also shown as a function of the heated
laser energy, for the coupling from laser to
the core plasma of 15% and 30%. The yield
increases with the energy of the heating
laser, implying almost constant coupling
from the laser to the core plasma. However,
there may be a small decrease in the coup-
ling, from about 30% to 20%, as the laser
power is increased from 0.1 PW to 0.5 PW.
This could be due to an increase in the
energetic electron temperature, resulting 
in a reduction in the stopping power of
electrons for a fixed spot diameter. 

Efficient fast heating of imploded plas-
mas has been accomplished with a petawatt
laser at powers that are almost equivalent to
those required in fast-ignition conditions.
The period for sufficient heating is similar
to the stagnation time (540 ps), suggesting
that the heating laser’s energy could be
increased to ignite the fuel with a heating
pulse of up to 10–20 ps or more at similar
irradiance. It may eventually be possible 
to ignite a compressed deuterium–tritium
fusion plasma with a relatively inexpensive
fast-ignition facility comprising a petawatt-
class laser.
R. Kodama & the Fast-Ignitor Consortium*
Institute of Laser Engineering, Osaka University, 
2-6 Yamada-oka, Suita Osaka 565-0871, Japan
e-mail: ryo@ile.osaka-u.ac.jp
*H. Shiraga, K. Shigemori, Y. Toyama, S. Fujioka,
H. Azechi, H. Fujita, H. Habara†, T. Hall‡, 
Y. Izawa, T. Jitsuno, Y. Kitagawa, 
K. M. Krushelnick§, K. L. Lancaster†§, K. Mima,
K. Nagai, M. Nakai, H. Nishimura, T. Norimatsu,

Figure 1 Fast heating of highly compressed plasmas with a

petawatt (PW)-class laser pulse. a, Neutron enhancement (a.u.,

arbitrary units) as a function of injection timing (in picoseconds) 

of the heating pulse. Line represents the temporal profile of the

average density of the compressed plasma from a hydrodynamic

simulation. Arrows denote data points that fall below the back-

ground noise level (S/N*1) or that correspond to the noise level.

b, Neutron spectrum observed from an angle of 427 for a 0.5-PW

laser heating at maximum compression. Line is a gaussian fit to

the data points, indicating an ion temperature of 0.8 keV. c, Yield

of thermonuclear neutrons from the compressed plasma as a func-

tion of heating laser power for the pulse duration of 0.6 ps. Solid

and dashed lines, neutron yields for an energy coupling from laser

to core of 30% and 15%, respectively; neutron yields obtained

without a heating pulse are shown in the 0.02-PW position.
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Tumorigenesis 

RAF/RAS oncogenes and
mismatch-repair status

Genes of the RAF family encode kinases
that are regulated by Ras and mediate
cellular responses to growth signals.

Activating mutations in one RAF gene,
BRAF, have been found in a high propor-
tion of melanomas and in a small fraction
of other cancers1. Here we show that BRAF
mutations in colorectal cancers occur only
in tumours that do not carry mutations in
a RAS gene known as KRAS, and that
BRAF mutation is linked to the proficiency
of these tumours in repairing mismatched
bases in DNA. Our results not only pro-
vide genetic support for the idea that
mutations in BRAF and KRAS exert 
equivalent effects in tumorigenesis2, but
also emphasize the role of repair processes
in establishing the mutation spectra that
underpin human cancer.

To determine how alterations in BRAF
and KRAS might affect one another, we 
systematically evaluated mutations in these
genes in 330 colorectal tumours (Table 1).

We identified 32 mutations in BRAF : 28
cases with thymine-to-adenine (T–A)
transversions at nucleotide position 1,796
(corresponding to an amino-acid swap of
glutamate for valine at residue 599; 
V599E), and one case each of a guanine-to-
thymine (G–T) transversion at nucleotide
1,382 (R461I), a T–G transversion at
nucleotide 1,385 (I462S), a G–A transition
at nucleotide 1,388 (G463E), and an A–G
transition at nucleotide 1,798 (K600E). All
but two of these mutations seemed to be
heterozygous, and in all 20 cases for which
normal tissue was available, the mutations
were shown to be somatic. In the same set
of tumours, there were 169 mutations in
KRAS, including alterations to codons 12,
13, 59 and 61. No tumour exhibited muta-
tions in both BRAF and KRAS. 

Mutations in either BRAF or KRAS
occurred in all Duke’s stages of cancer
(results not shown) and also in premalig-
nant lesions. Mutations in both genes
seemed to be more common in adenomas
larger than 1 cm across than they were in
smaller adenomas. 

There was also a striking difference in
the frequency of BRAF mutations between
cancers with and without mismatch-repair
(MMR) deficiency (P*1016, x2 test; Table
1). All but one of the 15 BRAF mutations
identified in MMR-deficient cases resulted
in a V599E substitution.

These results provide strong support
for the hypothesis that BRAF and KRAS
mutations are equivalent in their tumori-
genic effects2. Both genes seem to be
mutated at a similar phase of tumori-
genesis, after initiation but before malig-
nant conversion. Moreover, we found no
tumour that concurrently contained both
BRAF and KRAS mutations. In view of 
the large number of mutations of both
genes found in colorectal cancers, this
observation is highly statistically signifi-
cant (P*1016, x2-test) and cannot be easily
explained in other ways. This conclusion

could not have been reached through the
study of melanomas or of most other
tumour types in which only one of the two
genes is commonly mutated. It is consis-
tent with biochemical observations3 and
was suggested by Davies et al.1.

Our results also show that MMR-
deficient tumours have a very high incidence
of BRAF mutations and a lower incidence
of KRAS mutations compared with MMR-
proficient colorectal cancers. This is con-
sistent with the idea that both tumour
types progress through the same bio-
chemical pathways, but that the mutation
spectrum depends on the nature of the
underlying genetic instability4. The V599E
mutation is the most frequent nucleotide
substitution ever identified in a repair-
deficient tumour. 

The only other tumour type with a
BRAF-mutation frequency as high as that
seen in MMR-deficient colorectal cancers 
is melanoma1. Melanomas and MMR-
deficient colorectal cancers also share a
high incidence of mutations in the onco-
gene that encodes b-catenin5,6. It will be
interesting to see whether melanomas have
a repair defect that makes them susceptible
to the types of mutation found in MMR-
deficient colorectal cancers, and to deter-
mine what structural or sequence elements
surrounding BRAF codon 599 make it
prone to mutagenesis in a repair-deficient
background.
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Table 1 BRAF and KRAS mutations in colorectal tumours

Tumours No. of cases BRAF mutation KRAS mutation

All types 330 32 (10%) 169 (51%)

BRAF mutants 1 R461I WT

1 I462S WT

1 G463E WT

28 V599E WT

1 K600E WT

KRAS mutants 169 WT MUT

Other 129 WT WT

Clinical cancers 276 30 (11%) 154 (56%)

Adenomas¤1 cm 20 2 (10%) 12 (60%)

Adenomas 1 cm 34 0 (0%) 3 (9%)

MMR-deficient cancers 49 15 (31%) 21 (43%)

MMR-proficient cancers 227 15 (7%) 133 (59%)

DNA was purified from microdissected primary tumours (n454), first-passage xenografts (n4189) or cell lines (n487) as described7. The complete coding
sequences of exons 11 and 15 of BRAF and exons 2 and 3 of KRAS were amplified by polymerase chain reaction using intronic primers and the products
were sequenced as described8. Mutations were identified using the Mutation Explorer package (SoftGenetics). This strategy allowed us to identify all
mutations previously known to occur in these two genes. Mismatch-repair (MMR) deficiency was assessed by analysis of microsatellite instability, using the
BAT26 marker and at least 12 microsatellite repeat markers9. WT, wild-type sequence; MUT, mutations in codons 12, 13, 59 or 61 in KRAS.
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