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Introduction
The tenth meeting of the Program Advisory Committee (PAC) of the Heavy Ion Fusion Science Virtual National Laboratory (HIFS-VNL) was held at the Princeton Plasma Physics Laboratory (PPPL) on December 8-9, 2009. The PAC was given two charges.

Charge 1: Assuming that the out-year funding needs identified in the NDCX-II Work Authorization statement are provided, how can the HIFS-VNL research program make best use of the NDCX-I and NDCX-II facilities, and other supporting experiments, to contribute to the HEDPL research opportunities identified in the FESAC report?

Charge 2: If the scope of the VNL increases in part due to ignition in NIF motivating IFE, what are the most cost-effective scientific ways to restore and advance the accelerator science and target physics needed for heavy ion fusion? In this area, please consider not only potential contributions from NDCX-II, and potential new facilities such as the High Current Experiment (HCX), and potential new facilities as well, such as the PPPL Advanced 100 kV Beam generator.

The meeting agenda is included in Appendix 1. The PAC membership (including those who were not in attendance at PPPL) is listed in Appendix 2. Our response to the charges constitute the majority of this report.

Observations
The committee is impressed with the quality of VNL staff in all areas, their “seamless” method of operating, and their good relations with their sponsor (DOE-OFES) and collaborators, both national and international. 

The committee is delighted that stimulus funding has finally permitted the construction of NDCX-II, and is impressed with the progress on the project, particularly the project organization and established procedures and Work Breakdown Structure (WBS). We are also pleased to see the start of experimental activities in the warm dense matter (WDM) area. 
In regard to the definition of project completion, the committee liked the version presented by Grant Logan.

The budget of the current program does not permit operation of  NDCX-II as a user facility. An annual increment of 8M$ over the present WAS level for NDCX-11 commissioning, operations and user support would be appropriate to yield a vigorous successful program. The PAC understands that the DOE knows this requirement and is planning that an operating budget will be available at the successful completion of the NDCX-II project.
We appreciate the detailed responses to the action items from the previous committee.

We recommend using a concise statement (elevator speech) to illuminate opportunities for science permitted by the NDCX-II—as in this example:

“NDCX-II will demonstrate efficient spatial and temporal compression of intense ion beams to enable quantitative, high quality WDM and fusion target interaction experiments.”

1. Progress and Future of NDCX-II and other facilities in support of accelerator physics, WDM and IFE
NDCX-II

Construction

The project organization, leadership, WBS, planning and risk analysis are excellent.  The NDCX-II construction program is proceeding rapidly in dealing with technical risks, which have necessitated some, design changes.  

Many important issues have already been addressed.  Examples include resolving the volt-second issue (decrease due to the high pulsed solenoid field in the converted ATA cells, which were designed for CW operation) by installing copper shields and developing a magnetic alignment measuring system with more than required resolution.  A workable physics design of the machine including magnetic alignment errors and ramped voltage waveforms has been produced. Extensive work has been done on test stands to prove out the hardware designs.  Important design issues have been recognized and are being addressed; e.g. sensitivity to the shape of the cell-ramped waveforms and mechanical stresses induced by the pulsed solenoids.  The operation of the test cell, scheduled for completion in late FY2010 will provide important performance data for NDCX-II and significantly increase the confidence in ultimate performance. All reasonable attempts to accelerate this prototype testing should be done.
The decision to reduce the initial number of ATA modules from 22 to 15 in order to create contingency in the project was appropriate and necessary, but it is hoped that these modules will be restored at the earliest time when adequate funding becomes available.  If as the contingency budget remains as the construction project nears completion, committing to adding more ATA modules would be an appropriate option to consider.

The Lithium source is an issue that will require further work to ensure space charge limited flow with an adequate source lifetime.  The end-to-end simulation capability is outstanding. The development of a long-lifetime source with adequate current density remains a goal of the program, and the VNL should be prepared to address this topic and the remaining risk reduction tasks for the neutralizing plasma source in the upcoming Lehman review. In addition, the VNL should contact Sandia National Laboratory to find out all their experience in developing UV laser-produced lithium ion sources. SNL had a large effort in developing this source for the light ion fusion program. Finally, the committee continues to be impressed by the outstanding end-to-end simulation capability of the VNL. This modeling will be an essential element in connecting the results from the beam manipulation work in NDCX-II to future heavy ion drivers.
Future
As discussed below, effective use of all the facilities under the purview of HIF-VNL should be exploited to capitalize on success of ignition experiments on NIF motivating an expansion of work on IFE.

The primary instrument for conducting VNL research should be NDCX-II., defined in conjunction with potential users.
The NDCX-II project helps to keep the research program moving forward at a modest level providing key accelerator driver technology in place for ICF.   Additionally, NDCX-II provides a unique facility for investigating warm dense matter EOS studies of interest to geosciences and the study of interior of large planets.
The HIF VNL has several years of intense work ahead to construct and commission NDCX-II.  Emphasis should be given to adding more cells as funding permits.  The revised baseline of 15 cells can be restored to the original 23, or even up to 33 (the maximum capacity of the rails in the present building) with sufficient funding.

If the number of ATA cells and length are increased, as suggested, this innovative accelerator could serve as an excellent benchmarking tool for the extensive beam modeling capabilities of the PPPL beam theory group.  The necessary diagnostics will already exist for measuring the effects of beam instabilities on such parameters as beam emittance and transmission.  These beam physics studies can, in turn, enable more effective beam optimization for warm dense matter studies.
The program plan presented has a healthy balance of beam physics and WDM physics.   It is critical that the HIF program continue focused research on beam quality, including, smaller spot size, beam momentum tilt improvements chromatic aberrations, etc., to provide a knowledge base for future HIF driver design and construction.    It is also important that a solid research program in WDM and target, chamber, and diagnostics goes forward.  Actually, delivering new physics by using NDCX-II beyond accelerator physics provides a very compelling supporting argument for continued funding and future accelerator design.  
The HIF VNL has, with a very limited experimental budget, made good progress in finding ways to conduct experiments in the warm dense matter regime over the past several years.   Making meaningful measurements of physical properties in this regime is a challenging task, as evidenced by the sparse existing data. Nevertheless, either substantial funding for target chamber diagnostics will be required if NDCX-II is going to become a user facility, or the collaborators will have to make substantial investments of their own.
To maximize the scientific impact of NDCX-2, a new, larger target chamber with an expansive set of diagnostics will be essential. The chamber needs to be designed with substantial input from the external user group.  We note that interest in collecting VUV radiation in the range of 150 – 180 nm, will require fluoride optics or immediate collection and wavelength shifting with TPB and transport in light guides.  The committee notes the possibility to use CaFor MgF optics (70 to 80% at 150 nm for 5 mm path) instead of quartz, and Tri-phenyl-benzadiene (TPB) wavelength shift into light pipes. Other techniques including the use of reflective optics can also be explored. It is important, however, that a prioritized list of diagnostics be developed with input from the future user community. It is also important to prioritize and then establish the “first” NDCX-II experiment so that the necessary beam (energy, energy flux, pre-pulse, impact of neutralizing plasma), diagnostics, targets (including detailed characterization), and modeling can be addressed with the limited resources available.
Advanced beam manipulation techniques such as beam wobbling and chromatic aberration control using time varying corrections should be pursued on NDCX-II if funding permits. In regard to wobbling, the PAC would like to see supporting evidence that the fields can  be changed fast enough for high energy beams to achieve the necessary “smoothing” required fro target experiments.
NDCX-1, PPPL 100 kV Test Stand and other facilities

The committee supports the plan of the VNL to maintain NDCX-1 as an experimental resource when NDCX-2 becomes operational.  This approach would allow for an expanded user program without sacrificing beam physics studies essential to a next generation machine. It would also be necessary to develop experience and increased understanding of conducting experiments with temporally compressed beams that will be the focus of NDCX-II.
The PPPL 100 kV test stand should be used to address relevant questions for NDCX-II such as laser flash heating of a Li source to improve lifetime, and developing neutralization techniques.
The PPPL 100 kV test stand should be used to address relevant questions for NDCX-II such as laser flash heating of a Li source to improve lifetime, and developing neutralization techniques. Warm Dense Matter Experiments as planned at the NDCX I and II facility at LBNL depend on high intensity beams focused to the target. Due to the low energy of the ion beams (as compared for example to the high energy beams at GSI-Darmstadt) space charge problems are serious especially in the focal region. With NDCX II at Berkeley as a users-facility it is necessary to improve the existing system to the utmost level that is presently possible. To this extent the 100 kV Test Stand is important for performing intense studies on large volume plasma generation. Since at NDCX high field solenoids are used, it is necessary to get a deeper understanding of the influence of this magnetic field configuration on the plasma transport.
In our view it is necessary that the group should be able to invite outside groups for an experimental campaign on NDCX-1 next year.
With respect to the study of beam compression in space and time of intense, space-charged dominated beams,  NDCX-2 will be the prime ion beam facility in the US, with subsidiary experimental information coming from NDCX-1, HCX, the reincarnation of the STS-100 at PPPL, and the UMER ring at U Md.  The first three facilities are under the purview of the HIFS VNL; to the extent possible the research program at UMER should be coordinated with VNL activities.  We urge the VNL to encourage outside users to participate in these experiments and to take an active role in an NDCX Users Group.

We note that the data sets to be gathered will be essential to a credible design of the follow-on to NDCX-2 – presently called IBX and an IRE, but we have some concerns:

Is there sufficient research on cost effective accelerator design--the IRE cost on the cartoon appears to be optimistic.  Right now, are induction linacs out of the question on cost? Where is the technology investigation of relaxing tolerances? How will you make these machines reliable? Will there be a need for e-cloud experiments after the CESR experiments are completed? Is there a stable lattice for UMER?
These questions and an integrated and prioritized set of research tasks will need to be formulated in the near future if HIF is to have any hope of being “reintroduced” as a future IFE and large-scale HEDP driver.

2. HEDP/WDM

The committee is pleased to see that the team is using the capabilities of NDCX-I to already engage in High Energy Density Matter experiments. In addition the group has been active in collaborating on experiments at GSI.
In its current stage, heavy ion beams from NDCX-I provide a test bed for target studies and diagnostic development to be used on NDCX-II. Shot availability is a strength of this program (potential for 100’s/day). Intense ion beams are a very efficient tool to generate high energy density states in macroscopic amounts of matter and thus enable unique methods to study matter at extreme conditions in the laboratory under controlled and reproducible conditions. The VNL program has developed a way to heat targets to temperatures of interest (0.1 to 1.0 eV) in the warm dense matter regime, making use of the energy regime close to the maximum (Bragg peak) of energy loss of ions in matter. Ion range in matter at the current ion beam energy is on the order of some microns. The group has succeeded to show pulse compression, which is a necessary prerequisite to heat matter in a time interval short compared to the hydro-expansion time scale. However, as mentioned below, experiments on NDCX-I should be more focussed on using the pulse compressed beams and understanding and diagnosing the incident on-target ion beam.
Diagnostics have been limited to optical emission and beam transmission/scattering. The targets on NDCX-I are simple thin (~100’s of nm) foils of Au, Pt, C, Al.  Quantitative experiments have been primarily with uncompressed beams at I ~105 Watts/cm2; however, some compressed beam experiments have also been performed. A limitation is that the experiments to date are not yet quantitative enough for real modeling comparison. Principle observable is optical emission and complexity in relating to target temperature (emissivity).  Accurate measurements of  on-target beam parameters (pre-pulse, uniformity, peak irradiance) and connecting imaging and spectrally resolving diagnostics are needed. We note the lack of optical or X-ray probes. The development of optical laser probes should be seriously explored and issue such as timing with regards to the ion beam must not be forgotten.
A pyrometer with ns time-resolution has been developed to measure the target temperature, which however depends on target emissivity. A new technique using a polarization pyrometer is under development which will yield independent information on the target surface emissivity, which until now has to modelled.  In future meetings, the PAC would like to hear more discussion on the promise and challenge of this measurement. Further development of diagnostic tools will allow the group to address long standing open questions of basic equation of state (EOS), to study phase transitions in the liquid-gas interface regime and to measure critical points. It is important, however, given the resources limits to prioritize these efforts.
The rationale for NCDX-2, as bolstered by DOE’s plan to fund a user program on the machine, is the study of high energy density physics.  This is, however, a long term process and the group therefore has to continue to collaborate with other groups in that field. In past years the collaboration with the High Energy Density Physics community at GSI-Darmstadt has proved to be very successful. Just recently (October 2009) a successful experimental campaign was completed exploring target support debris issues for NIF. The committee would like to hear about the impact and value of these experiments to the NIF effort.
The committee supports the aim to turn NDCX II into a user facility. The High Energy Density community is in need of more access to experimental facilities, especially those with affordable operational costs, ease of use, and high shot availability. Due to construction of the FAIR facility at GSI, the available beam time there is limited to few weeks per year (actually 2 weeks in 2009). Therefore a fast completion of NDCX II with experimental access is highly welcome.

The areas for HEDP experimentation can be divided into two general classes:
1) As presently understood, this area includes but is not limited to the study of beam compression in space and time of intense, space-charge dominated beams.  

2) The second principal aspect of HEDP to be studied by NDCX users is beam-target interactions in which warm dense matter can be produced and in which details of beam-target coupling can quantified.

The budget of the current program does not permit operation of NDCX-II as a user facility. An annual increment of 8M$ over the present WAS level for NDCX-11 commissioning, operations and user support would be appropriate to yield a vigorous successful program.
With respect to area 2) NDCX-2 will have considerable competition from large laser facilities such as NIF, Z, Omega, LCLS than can deposit far more energy on target with an extensive suite of diagnostics.  Therefore it is essential that target experiments be chosen carefully with the active consultation of an experimental advisory committee that includes substantial representation from an NDCX Users Group.  A baseline activity should be a hard-nosed comparison of experiments proposed on other facilities with opportunities on NDCX-2.  Experiments on large facilities can be very expensive; moreover, available beam time on these machines will be extremely limited.  NDCX-II should explore presenting itself, in addition to its unique properties owing to ion beam deposition characteristics, as a “feeder” facility in which diagnostics and experimental techniques can be developed for use in the larger more expensive facilities. Both considerations will open opportunities for NDCX-2.  Of particular interest in this class of experiments will be those that have traceability to future ion beam activities for fusion energy.

To maximize the scientific impact of NDCX-2, a new, larger target chamber with an expansive set of diagnostics will ultimately be required. The chamber needs to be designed with substantial input from the external user group.  We note that interest in collecting VUV radiation in the range of 150 – 180 nm, will require fluoride optics or immediate collection and wavelength shifting with TPB and transport in light guides.  

Action Items:

Form and NDCX user group with an elected user executive committee.  A User Group Workshop should develop the  full design concept for a target  chamber that would support the first generation of user experiments.  The VNL should make a synopsis of WDM experiments and priorities for other facilities such as LCLS, and petawatt lasers to emphasize the opportunities on NDCX-2
3. Concluding comments on IFE and the opportunities provided by ignition on NIF
Ignition on NIF, defined when the heating of the fusion plasma is dominated by alpha particle deposition, has a high probability to catalyze interest (and funding ) for IFE.  Experiments to achieve ignition will be conducted on NIF in the next several years. In anticipation of these experiments DOE will commission an Academy of Sciences report  on IFE to begin in 2010.  While it is hoped that such an experimental result and a supporting report will lead to significant new IFE funding, past experiences with facilities such as TFTR show that this funding may not materialize.  There is also the possibility that NIF will not achieve ignition or that only limited gains will be demonstrated (a measured target gain of 1 while demonstrating ignition would properly be viewed as a failure if predicted gains were significantly greater). The VNL must be prepared for all eventualities. 

Although the VNL has developed plans for a major investment in HIF in the past (Snowmass 2002) this work has been de-emphasized in the past several years with an HEDP focus instead and limited VNL funding has eliminated any serious effort in IFE.  Despite the lack of funding and interest, several notable achievements that could possibly renew interest in HIF have emerged over the past several years.  For example, recent target concepts show promise for high gain at sub-megajoule energies. These targets are high risk and a considerable effort will be required to develop them into credible designs.  In addition, while laser IFE concepts have largely abandoned liquid first walls, HIF reactor concepts still retain this option. Liquid first walls in principle negate the need for damage resistent “first walls” which would enable long lived reactor structural components. Liquid walls thus improve the economics of fusion and reduce the need for an expensive materials  development program.  Both of these features are potential discriminators for HIF in an IFE community dominated by laser concepts and an active laser ICF and HEDP community.

In addition to these concepts, the most notable advance in HIF drivers has been the development and demonstration at some level, of techniques for the simultaneous spatial/temporal compression of ion beams.  NCDX-II with detailed modeling must overcome the present lack of maturity compared to other drivers. Lasers and pulse power drivers are delivering in a single shot, tens of kilojoules to megajoules of energy  compared to the <1 joule planned for NDCX; there is a very limited number of HIF experiments that have been conducted worldwide.

In regards to the second area, results from John Perkins’ studies are encouraging. Nevertheless, there are issues with using a bare target in the presence of hot walls. The group should look at work done in the HAPL program on that issue, and on target tracking and interception; for example, what response time is required to align each beam with its part of the target, and how will you know in 3-D when each beam is aligned. 
Two more issues stand out in being prepared to capitalize on success in the NIF program:

· Having a design for a driver that would be reliable, maintainable, and low enough cost to meet the reactor requirements--backed up to the extent possible by R&D; and

· Having a credible scenario for all aspects of capsule design, injection, tracking, and interception by the beams, leading to high gain—backed up by studies. 

In regard to the driver, tests from all of the facilities available to the VNL will be important in developing the needed components for each stage of the fusion program, and in qualifying low-cost approaches for improvement of the system.

To prepare for the upcoming NAS review, the VNL should do the following:1) Emphasize that NDCX-II will demonstrate (with modeling) beam manipulations-to target- required for HIF; 2) Develop a  “discriminating” end game with the points discussed above; 3) Develop  a prioritized development program with go/no go decision points that are agreed to by the broad IFE community; 4) Work with the IFE community–particularly those which employ “pulse power”  (Z, KrF lasers) to develop a broad development road map, and ultimately bring the entire community into this process.  In short be prepared and lead!
Appendix 1. Agenda for the 10th HIFS-VNL-PAC at PPPL, December 8-9, 2009 

	First Day
	Item
	Who

	8:00
	Coffee
	All

	8:10
	PAC charges (Exec. Session).
	Sheffield/PAC

	8:25
	Welcome and PPPL comments
	Zarnstorff

	        8.30
	 LLNL comments
	Goldstein

	8.35
	LBNL comments
	Gourlay

	Presentations and discussion for Charge #1-Progress & HEDLP Opportunities

	8:40
	Progress since last PAC + Preparations needed for FY12
	Logan

	9:00
	New VNL opportunities in FESAC HEDLP report 
	Davidson

	9:15
	NDCX-II: Lehman review + flexibility for research use

(What scope includes, what program must add to use)
	Kwan

	9:35
	NDCX-II project plan and current status
	Leitner

	9:50
	Discussion
	All

	10:20
	Break
	All

	10:40
	HEDLP @ NDCX-I & GSI, Planned NDCX-II research
	Bieniosek

	11:10
	Progress in HEDLP Theory/Modeling Experiments
	Barnard

	11:30
	Discussion
	All

	12:00
	Lunch
	All

	         1.00
	Plan for time-dependent focusing on NDCX-I and II
	Lidia

	Presentations and discussion for Charge #2 –Opportunities for Heavy Ion Fusion

	1:20                                               
	Update on heavy ion fusion target design
	Perkins

	1:50
	HIF chamber R&D options/synergy w/laser IFE-R&D
	Meier

	2:10
	Heavy ion driver R&D-Options, Issues &Opportunities 
	Seidl

	2:40
	Discussion
	All

	3:20
	Break
	All

	3:40
	Opportunities for R&D using the PPPL 100 kV beam 
	Gilson

	4:00
	Committee executive session
	PAC

	5:00
	Questions for the next morning
	TBD

	7:00
	Social event/dinner
	Salt Creek Grill

	Second Day
	
	

	8:00
	PAC Exec Session
	TBD

	9:00
	Answers to Questions 
	TBD

	9:30
	PAC Exec session
	TBD

	11:30
	Preliminary Feedback
	TBD

	12:00
	Working Lunch/Initial drafting of report
	TBD
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