Frontiers in Fusion Research
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INTRODUCTION

Fusion Power Associates held its annual meeting September 25-26, 2001 at the Canadian Embassy auditorium in Washington, DC  The theme of the associated symposium was "Frontiers in Fusion Research."  In this paper, summaries are provided of many of the talks presented at the symposium.

ENERGY POLICY

The first portion of the symposium was devoted to US national energy policy.  Talks were presented by Under Secretary of Energy Robert Card; Karen Knutson, Deputy Executive Director, National Energy Policy Development Task Force, Office of the Vice President of the United States; and Zoe Lofgren, member of the US House of Representatives.  Michael Holland, fusion budget examiner from the Office of Management and Budget, Executive Office of the President, also presented a talk on the second day.

In a brief talk, Card told the attendees that the Department of Energy was undertaking a comprehensive review of all its programs, with the aim of implementing the new national energy policy recently announced by President Bush.  He said that he had a special interest in the fusion program.  Knutson summarized the key features of the national energy policy, which she described as very comprehensive.  Although fusion was only a very small element in the policy paper, she said that she recognized its important long range potential.  She noted the policy document "recommends that the President direct the Secretary of Energy to develop next generation technology, including hydrogen and fusion."  She provided the full text of the policy group's statement on fusion:

"Fusion -- the energy source of the sun -- has the long-range potential to serve as an abundant and clean source of energy.  The basic fuels, deuterium (a heavy form of hydrogen) and lithium, are abundantly available to all nations for thousands of years.  There are no emissions from fusion, and the radioactive wastes from fusion are short-lived, only requiring burial and oversight for about 100 years.  In addition, there is no risk of a meltdown accident because only a small amount of fuel is present in the system at any time.  Finally, there is little risk of nuclear proliferation because special nuclear materials, such as uranium and plutonium, are not required for fusion energy.  Fusion systems could power an energy supply chain based on hydrogen and fuel cells, as well as provide electricity directly.

"Although still in its early stages of development, fusion research has made some advances.  In the early 1970s, fusion research achieved the milestone of producing 1/10 watt of fusion power, for 1/100 of a second.  Today the energy produced from fusion is 10 billion times greater, and has been demonstrated in the laboratory at powers over 10 million watts in the range of a second.

"Internationally, an effort is underway in Europe, Japan and Russia to develop plans for constructing a large-scale fusion science and engineering test facility.  This test facility may someday be capable of steady operation with fusion power in the range of hundreds of megawatts.

"Both hydrogen and fusion must make significant progress before they can become viable sources of energy.  However, the technological advances experienced over the last decade and the advances yet to come will hopefully transform the energy sources of the distant future."

Representative Lofgren summarized her efforts as principal sponsor of new fusion legislation that had passed the month previously in the House of Representatives. She noted several key statements in the bill, as follows:

"(1) fusion energy is an attractive long-term energy source because of the virtually inexhaustible supply of fuel, and the promise of minimal adverse environmental impact and inherent safety; (2) the National Research Council, the President's Committee of Advisers on Science and Technology, and the Secretary of Energy Advisory Board have each recently reviewed the Fusion Energy Sciences Program and each strongly supports the fundamental science and creative innovation of the program, and has confirmed that progress toward the goal of producing practical fusion energy has been excellent, although much scientific and engineering work remains to be done; (3) each of these reviews stressed the need for a magnetic fusion burning plasma experiment to address key scientific issues and as a necessary step in the development of fusion energy; (4) the National Research Council has also called for a broadening of the Fusion Energy Sciences Program research base as a means to more fully integrate the fusion science community into the broader scientific community; and (5) the Fusion Energy Sciences Program budget is inadequate to support the necessary science and innovation for the present generation of experiments, and cannot accommodate the cost of a burning plasma experiment constructed by the United States, or even the cost of key participation by the United States in an international effort."

She summarized key provisions in the bill:

"PLAN FOR UNITED STATES FUSION EXPERIMENT -- The Secretary, on the basis of full consultation with the Fusion Energy Sciences Advisory Committee and the Secretary of Energy Advisory Board, as appropriate, shall develop a plan for United States construction of a magnetic fusion burning plasma experiment for the purpose of accelerating scientific understanding of fusion plasmas. The Secretary shall request a review of the plan by the National Academy of Sciences, and shall transmit the plan and the review to the Congress by July 1, 2004.

"REQUIREMENTS OF PLAN -- The plan  shall (1) address key burning plasma physics issues; and (2) include specific information on the scientific capabilities of the proposed 

experiment, the relevance of these capabilities to the goal of practical fusion energy, and the overall design of the experiment including its estimated cost and potential construction sites.

"UNITED STATES PARTICIPATION IN AN INTERNATIONAL EXPERIMENT -- In 

addition to the plan described, the Secretary, on the basis of full consultation with the Fusion Energy Sciences Advisory Committee and the Secretary of Energy Advisory Board, as appropriate, may also develop a plan for United States participation in an international burning plasma experiment for the same purpose, whose construction is found by the Secretary to be highly likely and where United States participation is cost effective relative to the cost and scientific benefits of a domestic experiment. If the Secretary elects to develop a plan under this subsection, he shall include the information described in the subsection above, and an estimate of the cost of United States participation in such an international experiment. The Secretary shall request a review by the National Academies of Sciences and Engineering of a plan developed under this subsection, and shall transmit the plan and the review to the Congress not later than July 1, 2004.

"AUTHORIZATION OF RESEARCH AND DEVELOPMENT- - The Secretary, through 

the Fusion Energy Sciences Program, may conduct any research and development necessary to fully develop the plans described in this section.

"PLAN FOR FUSION ENERGY SCIENCES PROGRAM -- Not later than 6 months after the date of the enactment of this Act, the Secretary, in full consultation with FESAC, shall develop and transmit to the Congress a plan for the purpose of ensuring a strong scientific base for the Fusion Energy Sciences Program and to enable the experiments described. Such plan shall include as its objectives -- (1) to ensure that existing fusion research facilities and equipment are more fully utilized with appropriate measurements and control tools; (2) to ensure a strengthened fusion science theory and computational base; (3) to ensure that the selection of and funding for new magnetic and inertial fusion research facilities is based on scientific innovation and cost effectiveness; (4) to improve the communication of scientific results and methods between the fusion science community and the wider scientific community; (5) to ensure that adequate support is provided to optimize the design of the magnetic fusion burning plasma experiments; (6) to ensure that inertial confinement fusion facilities are utilized to the extent practicable for the purpose of inertial fusion energy research and development; (7) to develop a roadmap for a fusion-based energy source that shows the important scientific questions, the evolution of confinement configurations, the relation between these two features, and their relation to the fusion energy goal; (8) to establish several new centers of excellence, selected through a competitive peer-review process and devoted to exploring the frontiers of fusion science; (9) to ensure that the National Science Foundation, and other agencies, as appropriate, play a role in extending the reach of fusion science and in sponsoring general plasma science; and (10) to ensure that there be continuing broad assessments of the outlook for fusion energy and periodic external reviews of fusion energy 

sciences."

Office of Budget and Management (OMB) fusion examiner, Dr. Michael Holland, described the "President's Management Agenda."  He said it was a new program at OMB to "emphasize program performance in budget formulation" and to "focus R&D programs on their appropriate federal role."  He said that in FY 2003, attention would be focused on the applied R&D programs at the DOE: fossil energy, clean coal, nuclear energy, solar & renewable energy and energy conservation.  In 2004,  the criteria would be applied to other programs, including fusion.  He said that among the criteria being used in 2003 to evaluate the programs are: (1) programs support an area identified by the President as a high priority; (2) projects support research in which there is a clear public benefit and private sector investment is less than optimal due to market failure; (3) investment in research presents the best means to support the Federal policy goals, compared to other policy initiative; (4) proposals are comprehensive, are complete, and include performance indicators, "off ramps," and clear termination points; (5) projects are subject to a competitive merit-based process, with external review when practical; and (6) programs are making progress towards milestones and projects are producing benefits on-schedule and cost-effectively."

FUSION PROGRAM OVERVIEWS

Dr. N. Anne Davies and Dr. Christopher J. Keane gave overview presentations on the Fusion Energy Sciences program and the Inertial Confinement Fusion programs, respectively.  Both are the respectively leaders of those programs at the US Department of Energy. Dr. Lev Golubchikov, Ministry of Atomic Energy, Russian Federation, also provided an overview of the Russian program.

Dr. Davies noted that the official mission of her program is to "advance plasma science, fusion science, and fusion technology -- the knowledge base needed for an economically and environmentally attractive fusion energy source."  She noted that fusion power produced in the laboratory had advanced from milliwatts to megawatts during the 1975 to 1995 time period.  Since no new facilities, with enhanced performance capabilities, had been built since the late seventies, progress in achieving higher performance has tapered off and awaits the construction of ITER (International Thermonuclear Experimental Reactor).  At best, it appears that ITER would operate sometime after 2010, though originally it had been projected to operate around 2003.  No siting and construction decisions have yet been made on ITER and the US is no longer an official participant in that joint international effort, which began in late 1985 following the Reagan-Gorbachov Summit Meeting.  The US is currently about one-sixth of the world effort, which is dominated by the European Union (about one-half) and Japan (about one-third), she said.  She indicated that, even though the bulk of the inertial confinement effort is supported in DOE Defense Programs, she was responsible for portions of that program aimed at civilian energy applications.  This part of her program is called "inertial fusion energy" and currently constitutes about 7% of her $248.5 million fusion energy sciences budget.  The tokamak program, including the spherical torus program, constitutes about 45% of the effort, with theory (most of which is tokamak-oriented) constituting about 11% and "enabling R&D" (i.e., technology) receiving about 14%.  After the major funding cuts by Congress in FY1995, fusion program staffing was reduced from about 1600 FTEs (full-time equivalents) to about 1000 and has remained roughly at that level.

Dr. Keane noted that the inertial confinement fusion program was now a part of the Congressionally mandated National Nuclear Security Administration (NNSA) within the DOE.  He described the reasons that NNSA was interested in the laser-based National Ignition Facility (NIF), saying that, in the absence of thermonuclear weapons testing, it would allow (1) ability to access thermonuclear burn, (2) analysis of selected weapons physics issues, (3) would provide a technical challenge to weapons researchers, (4) would permit validation of computer codes used in weapons design, (5) would attract world-class talent to weapons laboratories, (6) presented breakthrough possibilities for addressing weapons problems, and (7) was a necessary step on the path to inertial fusion energy.  He noted that Congress had seen fit to appropriate funds, not requested, for a high average power laser (HAPL) effort and that his office was coordinating its effort in this area with Dr. Davies' office.  He said that NIF would be brought into operation in stages, beginning in FY 2004, with full operation in FY 2008.  "Full NIF ignition" is targeted for the end of FY 2010, he said.

Dr. Golubchikov noted that Igor Kurchatov, “the father of the Soviet atomic bomb”, made the first call for international collaboration on fusion in 1956.  He said that, after many decades of research, it is time to build the "reactor for R&D before Demo," namely ITER.  He said that in late August 2001, "the Russian government approved the Federal Program on ITER for the next 5 years. The main goal of this government program is to be prepared for the construction of ITER."  He said that ITER constituted about 75% of the Russian fusion effort.

Dr. Golubchikov said that "by the first quarter of this century mankind will be faced with serious problems regarding lack of fossil fuels, clean water, oxygen, and food.  In other words, mankind is facing a real ecological crisis."  Therefore, he said, it was important to proceed rapidly to the construction of ITER and to perform other necessary supporting R&D.  For example, he said, "To obtain necessary data on the Demo structural materials, we find it quite expedient to develop a powerful neutron source based on the GDT (Gas Dynamic Trap)."  He said that, because ITER would not be operational for 12 years or more, they were planning to construct a new experiment, T-15M, which would be a scaled down model of  ITER "as soon as possible," with a target date of 2006 for operation.

STATUS OF PLANNING FOR ITER

Dr. Robert Aymar, Director of the ITER project, described the "status of ITER towards a joint implementation." He noted that the ITER Engineering Design Activities (EDA) had officially been completed in July 2001 and a final design report has been issued.  He said "The design has been validated by wide-ranging physics and engineering work, including detailed analyses, experiments in existing fusion research facilities, and dedicated technology developments and tests."  He especially noted the successful completion of several "major validating technology R&D projects," namely (1) the superconducting solenoid and toroidal field magnet model coils; (2) the vacuum vessel segments, blanket modules and divertor cassettes; and (3) the remote handling/maintenance for blanket and divertor systems.  He said that an "assessment of results to date indicates, from an engineering and technology point of view, that the design is feasible, that it can be manufactured to specifications and that it will be capable of meeting its operating objectives."  He said that "a planning schedule for ITER construction and commissioning, operation and decommissioning has been developed and a comprehensive set of project cost estimates has been established, based on studies by the Parties' industries."  He estimated that "construction is expected to last about 8 years" and that the cost is estimated to be about $3.3 billion (1989 US dollars).  He said that, of the total resources devoted to ITER since its inception, the US had contributed about 18%, compared to 33% from the European Union (including Canada), 30% from Japan, and 19% from Russia (including Kazakhstan).  He noted that a comprehensive paper on the "ITER physics basis" had been published (Nuclear Fusion, Vol.39, IAEA (Vienna), 1999, pages 2137-2664) and that the ITER physics programme "has been a valuable stimulus to progress in all the main areas of magnetic fusion physics."  He said that the performance goals for ITER were to produce 500 - 700 Megawatts of thermal fusion power for duration of 400 seconds from a plasma volume of 837 cubic meters.

Dr. Aymar noted progress in discussions aimed at site and construction decisions.  The Parties are currently in "negotiations" and performing "coordinated technical activities," with the aim of signing a formal agreement on siting and construction by the end of calendar year 2002.  He noted that Canada has officially offered a site for ITER and that site proposals from the European Union and Japan were expected.  He expected a "site preference" choice to be made in mid 2002, but acknowledged that the final choice will likely be made at high levels of the respective governments. 

Dr. Peter Barnard (Chairman and CEO, ITER CANADA),  Dr. Jean Jacquinot (Caderache, France) and Dr. Koichi Morimoto (Science Counsellor, Embassy of Japan) made presentations on the status of site bid preparations.

Dr. Barnard noted that Canada had formally offered its proposal for an ITER site on the shores of Lake Ontario, just north of Toronto, in June 2001.  He said that a Canadian site would be a "neutral site" for the world's "fusion powers," since Canada was not one of the world's major fusion research countries and that the Canadian site was "by far the lowest cost location."  Choice of the Canadian site would allow for "balance sharing among the major countries," i.e., no major country would have to also pay for an additional "host" share of the costs.  Canada, he said, would supply mainly "non-transportable" parts of the project, including site, buildings, assembly, infrastructure and supporting services.  Other countries would supply most of the ITER device components, which they would ship to the site for assembly.  In this regard, he noted the excellent water and port access of the Lake Ontario location.  He also noted that ITER was likely to require tritium fusion fuel from Canada regardless of site and that the Canadian tritium supply was already at the proposed site.  He also expressed the opinion that a Canadian site "should be attractive for the US fusion community" and urged the US to rejoin the project "sooner, not later."

Dr. Jacquinot described the Caderache site, noting that is was "well-equipped with both fusion and fission nuclear centres."  He said the Provence region was a "strong growth area with heavy industry, high tech and universities" and was "wonderful socially."  He said that a European site study group is assessing the Caderache site and has found "no insurmountable difficulties."

Dr. Morimoto noted that the Japan Atomic Energy Commission had issued a positive statement on the promotion of ITER on June 5, 2001, "based on discussions at the Fusion Council and the Special Committee of ITER Projects."  He said that "examination of the site candidates (of which there were three) in Japan" was currently underway within the Ministry of Education, Culture, Sports, Science and Technology (MEXT).  He said that the Council for Science and Technology Policy "will review and discuss the ITER project," and that, based on these reviews, the "Japanese government will make a formal decision on ITER."  Subsequent to the symposium, the Japanese government narrowed the list of potential sites to two.

THE SCIENCE FRONTIER OF BURNING PLASMA PHYSICS

Prof. Gerald Navratil, Columbia University, described the "science frontier of magnetic fusion energy burning plasma (BP) physics."  He said there has been "extensive community effort to define BP science," including the 1999 "Snowmass" fusion summer study, the 2000 University Fusion Association (UFA) burning plasma science workshop in Austin, the 2001  UFA workshop in San Diego, and the 2001 DOE Fusion Energy Sciences Advisory Committee (FESAC) panel report.  He defined the burning plasma regime as one in which the ratio of fusion power to heating power (Q) was equal to or greater than 5.  In this regime it was necessary to study the energy confinement, stability, maintenance of equilibrium and control of power, fueling and reaction products.  He noted there would be "new science phenomena to be explored," including alpha effects on stability and turbulence, possible non-linear coupling between alphas, pressure driven current, turbulent transport, MHD stability and boundary plasma and (at Q greater than about 20, stability, control and propagation of the fusion burn and fusion ignition transient phenomena.  He said that "a burning plasma system is highly non-linear."  He said that the "tokamak is sufficiently advanced to permit the design, construction and initiation of a next step burning plasma experiment within the next decade that could address the fusion plasma and self-heating issues for magnetic fusion" but that many tokamak burning plasma physics issues were "generic" to other toroidal magnetic configurations.  He noted the August 2, 2001 FESAC panel statement, endorsed by the full FESAC, that "the US Fusion Energy Sciences Program should establish a proactive US plan on burning plasma experiments and should not assume a default position of waiting to see what the international community may or may not do regarding the construction of a burning plasma experiment."  As part of this proposed proactive stance, he noted plans for the US fusion community to hold a "Snowmass" workshop in summer 2002.

ALTERNATIVES 

While ITER is the burning plasma experiment most preferred by the international fusion community and the major governments, there are two, more modest-performance, experiments being investigated within the US fusion community: FIRE and Ignitor.  Dr. Dale M. Meade (Princeton Plasma Physics Laboratory) and Dr. Francesca Bombarda (MIT) gave talks on these designs.

Dr. Meade noted that using non-superconducting magnets allows for the study of burning plasma physics in much smaller devices than ITER.  He said that the FIRE (Fusion Ignition Research Experiment) concept is part of a "modular strategy" for fusion development in which the tasks currently planned to be addressed in an integrated fashion in ITER would be separated and addressed separately.  These tasks he identified as "burning D-T, advanced long pulse D-D, and materials development."  He said the design point for FIRE would produce, with a Q of about 10, 150 Megawatts of thermal fusion power for 20 seconds and that the mission of the experiment is to "attain, explore, understand and optimize fusion-dominated plasmas that will provide knowledge for attractive MFE systems."  He said that FIRE "is being designed to test the physics and in-vessel technologies for ARIES-RS (commercial fusion power plant design)" and that "helium ash removal techniques required for a reactor can be studied on FIRE."  He noted that FIRE is a more modest extrapolation in demonstrated plasma confinement than ITER.  He said that the "FIRE conceptual design point has been chosen to be a stepping stone between the physics accessible with present experiments and the physics required for the ARIES vision of magnetic fusion energy."  He said "a compact high field tokamak, like FIRE, has the potential to address the important burning plasma issues, most of the advanced tokamak issues and begin to study the strong non-linear coupling between burning plasma and advanced tokamak regimes under quasi-stationary conditions in a $1 billion class facility."  Details of the FIRE program can be found at http://fire.pppl.gov

Dr. Bombarda described the Ignitor design on behalf of the Ignitor Project Group, Frascati, Italy and the principal investigator: Prof. Bruno Coppi.  She said that "fusion ignition is a major scientific and technical goal for contemporary physics" and asserted that "the ignition process will be similar for any magnetically confined, predominantly thermal plasma."  She said that "Ignitor is the first, and presently the only, machine designed to reach ignition."  She said that "demonstration of ignition, the physics of burning plasma processes, and heating and control of burning plasmas are the main goals of the Ignitor experiment."  She said that Ignitor was designed to reach ignition with ohmic heating alone, making it the simplest of the various designs under consideration.  The burn time would be about 4 seconds.  She said that "a pellet injector may be needed for fast core fueling, density profile control, time-dependent burn control" and other purposes.  She said the ion cyclotron resonance heating may also be employed to "extend the region of accessible parameter space, have better control on the evolution of the temperature and current density profiles, and to simulate alpha-particle heating at the same power level as under relevant ignition conditions in non-reacting plasmas."  She noted that the plasma volume in Ignitor was only 10 cubic meters, compared to 837 cubic meters for ITER and that this translates into a facility of much reduced cost.  She said the "machine design is highly developed and manufacturing of the central solenoid and toroidal magnet coils are the next immediate undertakings."  She said that Ignitor "is the most efficient" way to study the physics of relevant burning plasma processes and that "a variety of plasma regimes can be explored, including X-point configurations."

Prof. Ronald Parker (MIT) provided his personal “comparative overview of (possible) burning plasma experiments.” He compared the performance of ITER, FIRE and Ignitor using “a simple power-balance model.”  He concluded that “with H-mode confinement and low impurities, Ignitor could reach ignition; with H-mode confinement and moderate light impurity level, FIRE could achieve Q greater than 5; with H-mode confinement and moderately-low Beryllium concentration, ITER could reach ignition.”    He said that ITER “has a reasonable margin to achieve Q greater than 10 with degraded H-mode confinement and somewhat higher Beryllium concentration” and that “even with degraded H-mode confinement and somewhat higher concentration of light impurities, Ignitor could achieve  Q greater than 10.”  He concluded, however, that with slightly degraded H-mode and “somewhat higher Beryllium impurity level, FIRE would fall short of achieving Q of 5.”

INERTIAL CONFINEMENT FUSION 

Dr. John Lindl (Lawrence Livermore National Laboratory) provided a talk on frontiers of inertial fusion target physics and the status of the National Ignition Facility (NIF). Lindl reported that construction of the “conventional” facilities for NIF have been completed and much inside equipment has been installed, including the space frame and target chamber. About three-fourths of the laser glass has been produced, meets all NIF specifications, and is in storage.  Techniques have been demonstrated to alleviate problems of optics damage associated with being exposed to the NIF laser beams.  He said the “estimated optics lifetime meets the NIF operational goals and damaged optics can be removed and fixed.”  Perfecting these techniques has been “a major effort of the past year,” he said.  Lindl said that the NIF would become operational in stages and that “NIF’s experimental program will begin soon after first light, officially scheduled for FY 2004.”  “Full NIF” is scheduled to begin operation in FY 2008 with ignition targeted for end of FY 2010, he said.  Lindl said that “indirect, direct, and tetrahedral drive target illumination geometries can be accommodated by the NIF design and advanced technology for compact chirped pulse amplification is being pursued to allow fast ignition on NIF.”

Lindl said that “advances in IFE target design include work on the baseline approaches and more speculative advanced targets.”  Specific targets are being designed for different drivers, including heavy ion indirect drive, laser indirect drive, laser direct drive and fast ignitor targets, he said.  He said that the NIF and heavy ion driver targets “have much in common,” including capsule physics, symmetry control and hohlraum energetics.  He said that designs of “advanced targets,” using DT-loaded foam or high-Z layers “should give higher performance and provide greater margins for success.”  He said that “fast ignition gives more gain and lower threshold energy than indirect or direct drive.”  He said the behavior of many types of targets would be tested on NIF.

Dr. B. Grant Logan, Director of the Heavy Ion Fusion (HIF) Virtual National Laboratory, described the status of heavy-ion drivers.  He noted that heavy-ion programs also exist in Germany, Japan and Russia.  He said the US was concentrating on beam science to reduce focal spot sizes, which would result in lower driver energy requirements and thus provide “large reductions in the projected size and cost of induction linac drivers for IFE.”  He said the US program “pursues new ampere-current-scale experiments with theory/simulation to understand limits to beam brightness in sources/injection, transport and focusing.”  He said “future US steps in HIF driver development will need more integrated beam physics experiments, and also more investment in technology (induction modules, transport magnets) to reduce costs.”  Logan said the program was organized around answering four top level scientific issues: (1) what physics determines beam brightness in heavy-ion sources and low energy transport; (2) what dynamical phenomena affect the quality of space-charge-dominated beams undergoing transport and acceleration; (3) how can we best apply and improve computational tools to provide the needed support for experiments, exploration of issues, and planning for the future; and (4) what role do non-linear processes and beam-plasma interaction play in beam chamber propagation and focusing onto a target?”  He said that three new experiments, with advanced theory/simulation were planned: (1) a high current transport experiment (HCX), (2) a neutralized transport/focusing experiment (NTX) and (3) a new 500 KV facility at LLNL to explore high-brightness plasma sources and multiple beam interaction physics.  Following on these efforts, the next step would be an integrated beam experiment to test source-to-target integrated modeling (injection, acceleration, longitudinal compression and final focus).  Current plans are to initiate the next step facility in FY 2008 and to operate it in FY 2013.

Dr. Stephen Payne (Laser Science and Technology Program, LLNL), described the status of the solid state laser driver program.  He said the laser driver programs were supported by coordinated efforts at many institutions on target fabrication, target injection, target design, chambers and final optics.  He said that diode-pumped solid state lasers (DPSSLs) “can potentially meet the requirements of an IFE power plant driver,” including efficiency of greater than 10%, rep rate of greater than 5 Hz, reliability of greater than a billion shots, capability of producing picosecond pulses and provide temporal beam shaping and adequate beam brightness at focus.  He described the current Mercury program having “technical overlap with future systems but at 10% of the aperture scale.”  He said “modularity and similarity of laser parameters assure that testing subscale beamlets will cost-effectively address DPSSL physics and engineering issues.”  He said Mercury is a 100 Joule, 10Hz, 10 ns laser being built at LLNL to demonstrate energetics and rep-rate at one-tenth scale of a kilojoule-class beam line for an inertial fusion energy driver.

Dr. Stephen Obenschain (US Naval Research Laboratory) described progress in Krypton-Fluoride (KrF) lasers for fusion energy, including construction of the Electra 700 Joule, 5 Hz amplifier system, development of codes and technologies for a full scale KrF laser reactor driver, and use of the existing Nike KrF laser facility for large scale experiments.  He indicated that advances in target design “should greatly reduce the required laser imprint.”  He said the pellets had a projected gain of 118 for laser input energy of 1.5 Megajoules.

Dr. Jeffrey Quintenz (Sandia National Laboratories) , described pulsed power driver research, including use of the Z-machine to study imploding wire arrays.  He said that “there has been steady progress in dynamic hohlraum target fabrication and experimental measurements.”  He said a rep-rated z-pinch power plant concept would use a “recyclable transmission line (RTL).”  The power plant might operate with high yield (few GJ) per pulse at about 0.1 Hz.  He said the advantages of such a concept include (1) the target is “hard-wired” to the accelerator, (2) the problem of the final optic is eliminated, (3) the problem of pointing and tracking N beams is eliminated, (4) the problem of high speed target injection is eliminated, and (5) it works in a robust, dirty environment.”  He said the development issues include finding and testing a suitable RTL material, investigating tailored density gradients to mitigate shock to first wall, development of suitable rep-rated pulsed power and refinement of the overall RTL power plant concept.  He said that a short-pulse modification to the Z-beamlet laser (3 kJ, 5 psec) would allow fast ignition experiments to be performed at Sandia.

Dr. John Sethian (US Naval Research Laboratory) described integrated program planning for laser fusion, “a coordinated, focussed, multi-lab effort to develop the science and technology for laser fusion energy.”  The institutions involved include LLNL, NRL, General Atomics, LANL, Schafer Corporation, University of Wisconsin, UCSD, SNL, ORNL, and UCLA.  He said the effort was “based primarily on direct drive with lasers, builds on advances in target designs and lasers in the DOE Defense Program, and is focussed on dry wall chamber concepts.  He said “we are developing laser IFE as in integrated system,” including (1) lasers (DPSSL and KrF), (2) target fabrication, (3) target injection, (4) target design, and (5) chambers and (6) final optics.  He said the current phase could lead to an integrated research experiment (IRE) phase beginning in 2005, followed by an Engineering Test Facility (ETF) phase beginning in 2014.

Mike Campbell (General Atomics) described “The Promise of Fast Ignition” in some detail.  He noted that the concept of fast ignition is important for inertial fusion because it offers the possibility of significantly higher gain than can be obtained in indirectly or directly driven inertial fusion.  Higher gain would allow power generation with lower driver efficiency or lower recirculating power fraction and is, therefore, attractive for conceptual inertial fusion power plants.  The essential idea of fast ignition is to precompress the fusion fuel by a conventional driver, then to ignite the fuel with a separate short-duration, high intensity laser pulse.  A model of energy gain induced by fast ignition suggests that a gain of 300 might be achieved with a driver energy of 1 MJ if the NIF were to be adapted for fast ignition.

COMPUTATIONAL PLASMA AND FUSION PHYSICS

Dr. William M. Tang (Princeton Plasma Physics Laboratory) discussed frontiers in computational plasma and fusion physics.  He said the goal is “reliable predictions of complex properties of high temperature plasma, to acquire scientific understanding needed for predictive models superior to empirical scaling.”  “Plasma science is both utilizing and contributing to the exciting advances in information technology and scientific computing,” he said.  He noted that there is a new DOE Office of Science initiative for “Scientific Discovery through Advanced Computing” and that fusion is an active member of this broader scientific portfolio with access to new resources.  He said projects were underway on magnetic reconnection, wave heating, atomic physics, turbulent transport and MHD simulations.  He said a “national fusion energy sciences collaboratory” has been established, involving 40 US sites in 37 states, with the goal to “enable more efficient use of experimental facilities by developing more powerful between pulse data analysis; enable better access by researchers to analysis & simulation codes, data and visualization tools; and create standard tool set for remote data access, security, and visualization.”  He said a number of opportunities existed for cross-discipline research with fields like space plasma physics, high energy physics, and industrial applications.

ADVANCED TOROIDAL PHYSICS

Presentations on frontiers in advanced toroidal physics were given by Drs. David Baldwin (General Atomics), Earl Marmar (MIT), Martin Peng (ORNL), and Hutch Neilson (PPPL).

Dr. Baldwin said “the advanced tokamak has come of age.”  He said, “advanced tokamak stability theory points to states with very broad pressure profiles and hollow current profiles and nearly 100% bootstrap current as perhaps the ultimate potential of the tokamak.”  He noted that researchers at General Atomics, using DIII-D, have nearly doubled the usual limits on pressure by spinning the plasma.  He said the “solution of the transport question is in sight,” saying “plasma turbulence simulation codes use full toroidal geometry to calculate transport rates.”

Dr. Marmar said the Alcator C-Mod facility at MIT had “unique aspects and strengths” to address key questions using “advanced diagnostics.”  The said the Alcator had a “broad physics program organized along two parallel complementary paths: (1) advanced tokamak quasi-steady-state configurations with high bootstrap fraction and RF current and flow profile control, and (2) high field, high pressure regimes providing the physics basis for compact, high field approach to ignition.”  He said “the vision of the tokamak reactor has improved dramatically in the last decade.”

Dr. Peng said the “spherical torus (ST) is reaching important new frontiers in fusion energy science.”  He said the ST research goal is to “investigate and understand physics & potential of very low aspect ratio and high beta,” both of which, he said, “engender new frontiers in fusion energy science.”  He said that research on ST had the potential to benefit fusion energy by “simplified magnets and device design; lowered magnet and device costs; smaller unit size and sustained burn; more efficient fusion and RF heating and current drive; and survivable plasma facing components.”  Success in the ST  program “may also lead to a more affordable development path,” he said.  He noted that the National Spherical Torus Experiment (NSTX) at PPPL was the most advanced of several ST experiments around the world.  He said the NSTX had already exceeded its plasma energy goal aimed for October 2002 by achieving a central beta of about 70%.  He said that the energy confinement measured in NSTX “exceeds empirical scaling expectations.”

Dr. Neilson said “toroidal plasmas have many configuration variables,” citing things like aspect ratio, shape, magnetic symmetry, rotational transform, divertor configuration and startup/control strategy.  He said the “challenge for tomorrow’s designers is to find the most attractive configuration; what combination of variables is optimum?”  He said that  “stellarators advance the frontier in unique ways.”  He said  there is a “strong connection between stellarators and other 3-dimensional plasma physics problems.”  He said “the world stellarator program is substantial,” citing large stellarator facilities in Japan and Germany.  He said that recent understandings have led to the design of  compact stellarators that combine high beta, and low aspect ratio. He said a balanced program was being proposed that included two new US experiments that would complement facilities abroad.  The ten-year goal, he said, is to “evaluate compact stellarator physics benefits and costs and assess attractiveness.”  He said that construction of the US devices was planned for 2003-2006.  He noted that FESAC had endorsed one of the facilities (NCSX) as a “proof of  principle” experiment and affirmed support for the program in August 2001.  He said that compact stellarators “combine the best characteristics of stellarators and tokamaks, possibly eliminate disruptions, and are intrinsically steady state.”

ALTERNATE MAGNETIC CONCEPTS

Drs. E. Bickford Hooper (LLNL), Thomas Jarboe (University of Washington), and Richard Siemon (LANL) gave presentations on frontiers in magnetic alternate concepts.

Dr. Hooper said that “a wide variety of concepts contribute to fusion and plasma science and are potential bases for fusion energy reactors.”  In addition to toroidal magnetic configurations, he cited open magnetic configurations, high density pulsed, inertial electrostatic and “other.”  He said that the alternate concepts “are important for a healthy plasma science and energy fusion program.”  He said they “offer an opportunity for a better power reactor than a tokamak, albeit it is necessary to resolve difficult physics issues.”  He said that knowledge gained from a tokamak burning plasma experiment “will be transmitted to the alternates through scientific understanding enveloped in sophisticated theories and computer programs; diagnostics both in and without the burning plasma regime; operational experience in the intense fusion radiation environment; and technology.”

Dr. Jarboe described helicity injection current drive, saying it “addresses major challenges to magnetic controlled fusion, namely power-efficient steady current drive and power-efficient current profile control.”  He said “solutions to these problems are needed to improve the tokamak and ST reactors and for attractive concepts like RFPs and spheromaks to become steady state reactors.”  He said the  “reactor vision of the spheromak included ohmic heating to ignition, nearly classical resistivity, efficient (helicity injection) current sustainment and volume-averaged beta of about 10%.  He said “steady state helicity injection is being developed for a bow-tie flux conserver spheromak, HIT-SI and that the front end is currently being fabricated.”

Dr. Siemon described the Magnetized Target Fusion (MTF) concept, noting it occupied a unique parameter space location between magnetic fusion and inertial fusion.  The MTF uses a fast imploding liner to compress a target plasma (field-reversed configuration [FRC] or spheromak).  He said it was the lowest cost path to achieving a breakeven plasma. He noted that many of the facilities needed to test the concept existed within  the weapons complex..  He said the MTF project at Los Alamos “is about to study high-density FRCs with the goal of demonstrating a suitable plasma for subsequent liner implosion studies.”  He said “Magnetic Target Fusion has the apparent advantage of producing fusion for low facility cost and presumably low development cost.”

The symposium concluded with a talk by Dr. Michael Roberts, Director, Facilities and Enabling Technologies Division, DOE Office of Fusion Energy Sciences on the technology R&D in the US fusion program.  He noted that the “technology R&D program and community are integrated through the Virtual Laboratory for Technology (VLT), centered at the University of California at San Diego”  Its activities are summarized at http://vlt.ucsd.edu/   Dr. Roberts said that the goals of the technology program are to “provide the technologies that enable current and planned plasma experiments to achieve their full performance potential and scientific research goals (near-term) and to innovate technologies, materials and design concepts to improve the vision of fusion energy as an attractive energy source (long-term).”  The technology program is divided into five task areas: plasma technologies, fusion technologies, design and analysis, materials research, and inertial fusion technologies.  He described many of the program highlights and recent achievements.

