4.3.3.0      IFE Chamber and Target Technology Plans

The DOE OFES and the High Average Power Laser (HAPL) program have applied a systematic approach to study chamber and target technology issues.  Each of the driver programs has adopted a phased approach to studying chamber and target fabrication systems capable of operating reliably and safely at high repetition rates, using phenomenological models and experiments of systematically increasing scale.  To ensure that the modeling and experimental efforts are comprehensive, a structured approach (where the integrated system operation is decomposed into time phases and spatial regions, Section 4.3.1.2) has been used to systematically identify phenomena that affect the primary system functions:  driver energy propagation and target ignition and gain (nanosecond phenomena), high repetition rates (millisecond phenomena), and safety and reliability (quasi-steady phenomena).

Many of the key issues for IFE target chambers can be studied in separate effects experiments, which have artificially imposed initial and boundary conditions, and which may be scaled in geometry and energy, and may use simulant working materials.  Often separate effects experiments can provide great insights into understanding modeling specific phenomena in complex systems.  

Inertial fusion energy systems have specific scaling features which make it easier to design separate effects experiments that have small distortions in their initial and boundary conditions.  Due to the extremely wide range of phenomena time scales in pulsed IFE systems—from the nanoseconds for initial target pheneomena to the milliseconds for chamber clearing—fast, short length-scale phenomena appear as initial conditions slower phenomena.  For example, microsecond x-ray ablation processes are relatively insensitive to the detailed time history of the x-ray deposition, which occurs over a few tens of nanoseconds, and instead respond only to the integrated effect of the short pulse.  This allows existing z-pinch and other x-ray sources to be used in materials response experiments to study IFE target effects, with very small distortion in the ablation response.

Due to the scalability and modularity of IFE subsystems, IFE researchers believe that the major issues governing reliable, high-repetition-rate system operation can be addressed at much smaller energies than are required for actual ignition of targets.  The next-step driver experiments, which will occur in “integrated research facilities,” or IREs, are scaled in energy by a factor of around 100 from the driver energy required for ignition.  Because the IREs will not ignite targets, the energy available in the chamber is further reduced, to be around a factor of 104 lower than in a prototypical plant.

The different phenomena that control chamber clearing and reliability tend to scale differently as energy and chamber length scales are reduced, some following roughly volumetric scaling while others follow roughly surface area scaling.  Therefore the integrated clearing and reliability phenomena in a scaled IRE chamber do not reproduce those in a prototypical chamber, and instead integrated chamber models must be used to predict and optimize the performance of prototypical chamber systems.  Validation of these models can then rely on well designed separate effects experiments, as well as experiments that integrate subsets of the chamber phenomena together.  The development of detailed, integrated chamber response models is the principal strategy for chamber R&D during the IRE phase.

Target fabrication and injection technologies can be studied at full scale with prototypical materials.  The IRE phases of all of the drivers include such experimental studies, including injection experiments where the thermal and chamber gas conditions are reproduced at full scale.

The combination of integrated chamber response models, and full-scale demonstration of target fabrication and injection methods, will provide the necessary tools to perform engineering design of reliable repetition-capable chamber and target systems.  With the parallel development of driver technology and target physics, this provides the ingredients required to build the first average-power IFE facility, typically referred to as the Engineering Test Facility (ETF).

Contrasting to magnetically confined plasmas, inertially confined plasmas can be ignited at quite small scale. The NIF, for example, will demonstrate target yields in the range of 20 MJ, around 5% of that called for in prototypical HI and laser power plants.  By operating with target yields around 10% to 50% of the full-scale prototypical yields, the ETF can use substantially smaller chamber and balance of plant systems.  Properly scaled in geometric size and repetition rate, these systems can reproduce all of the major phenomena that govern chamber repetition rate, and can accelerate processes that affect reliability so that full-life component testing can occur in time periods of around a year.  The ETF provides the technology basis for the subsequent, commercial scale DEMO plant.

While the generic plans for IFE R&D are the same for all of the drivers, the specific issues each face have important differences.  The key issues for each driver, that will be addressed under the phased R&D approach, can be summarized as:

Issues for Laser Concepts  The base-line design for laser drivers uses a dry-wall chamber with direct-drive targets.  Recent research has specified the output expected from direct-drive targets more precisely, so that research can now focus on the key issues for chamber design:

•
How target energy output is modified (shifting from debris ion energy to x-rays) by chamber gas,

•
First wall response to the modified target output and resulting lifetime, considering the effects of the wall temperature,

•
Final optics response to the modified target output, and resulting lifetime,

•
Chamber gas radiation hydrodynamics and equilibration,

•
Target injection and survival,

•
Transport of target and first-wall debris in chamber and contamination of final optics, 

•
Mechanical design of chamber systems to accommodate mechanical and thermal stress loading while maintaining final-focus alignment, and

•
Further system integration, through a design study to identify a point design that can serve as a useful reference for judging progress in addressing issues, and in assessing the potential system economic performance.

Dry wall chambers share similar blanket design issues with tokamaks.  While some of these blanket design issues are challenging, such as component lifetime under neutron irradiation, the IT working groups concurred that these blanket design issues are best addressed under the larger MFE blanket materials development program.  The working groups noted that fabrication for direct-drive targets appears to be well in hand, so that the most important issues focus on identifying windows of operating parameters where target injection can work, and protecting final optics and first wall surfaces from target output to provide sufficient reliability.  

Issues for Heavy-Ion Concepts.  The base-line design for heavy-ion drivers uses a thick-liquid chamber with indirect-drive targets.  :

•
How do the two-dimensional characteristics of indirect-drive targets affect the output of x-rays and debris,

•
How do ablation and venting processes affect the impulse loads to target-facing surfaces, the total quantity of coolant that is vaporized, and the transport of debris, particularly up beam lines,

•
How do liquid pockets respond to disruption, and particular how are droplets generated and where do they go,

•
How do pockets regenerate, and what are the detailed fluid mechanics that control the geometries of various jet types,

•
What are optimal gas densities along beam lines, and how can neutralizing plasmas be introduced,

•
What materials should be selected for use in targets, and how can they be fabricated into targets and recovered from chambers,

•
What configurations of liquid and solid shielding materials can work to protect the final focus magnets and other structures, and

•
What mechanical designs of the final-focus hardware and coolant nozzle systems are needed to allow maintenance and control mechanical and thermal stresses while maintaining alignment?

The working groups noted that target injection appears to be straight-forward for heavy ion chambers, but that target materials selection, fabrication, and recovery are key issues.  The fluid mechanics of single jets are now well understood and are known to be controllable, but further work is required to characterize multiple jet interactions, droplet generation, and pocket clearing processes.  Close interaction between driver, target, and chamber researchers is required in identifying approaches that permit reliable beam focusing, high target gain, and rapid chamber clearing.

Issues for Z-Pinch Concepts.  The base-line design for z-pinch drivers uses a thick liquid and replaceable solid structure chamber, with indirect-drive targets driven electrically by a recyclable transmission line (RTL).  Because the major progress in z-pinch target physics and design has occurred quite recently, the current chamber and target designs are still quite conceptual.  The most important issues involve the blast effects implied by the large fusion yields (few gigajoule) and large target masses (due to electrical drive), which contribute to significantly increased impulse loading to blanket materials compared to heavy-ion and laser targets.  The working groups identified several key issues:

•
What are the mass flows and mass inventories in the system, consistent with radiation levels that can be accommodated by remote fabrication and insertion equipment for RTL’s,

•
What is the minimum possible mass for an RTL, consistent with mechanical strength required to accommodate insertion loads and maintain wire array alignment, and sufficiently low inductance to allow target drive,

•
How can fast plasma debris be prevented from damaging the permanent electrode hardware, particularly insulator materials

•
During the largely two-dimensional target disassembly process, how can the radiative cooling of the target debris be controlled to minimize x-ray ablation of blanket materials that protect the permanent electrode hardware, and what are the total impulse loads delivered to the blanket,

•
How can the blanket be designed to mitigate damage to the electrode hardware, and how can the momentum of the blanket be transferred to structures with reasonable stress levels, and

•
How can the interface between the permanent and recyclable electrodes be made reliably and automatically?

These were the highest level issues that were identified during the working groups’ review.  The groups felt that most of these issues could be investigated analytically and with existing computational capabilities, and that this effort is warranted given the low cost of pulsed power relative to other driver options.  Further investigation is needed as well to design pulsed power systems capable of reliable rep-rated operation, but these issues were judged to be less fundamental to the viability of z-pinch IFE.

Issues for Fast Ignition Concepts.  Fast ignition has the potential to increase target gain, and decrease driver cost, for all of the major IFE driver concepts.  Thus fast ignition shares issues with each of the driver types it will potentially be deployed with.  Recognizing this, in their review the working groups focused on those unique issues which are raised by fast-ignition systems:

•
How can survivable and reliable fast-ignition final optics be designed for each driver and chamber combination,

•
How closely do the target tracking and beam pointing need to be controlled to achieve the pointing accuracy needed for fast ignition,

•
How is timing achieved for the fast ignition pulse, particularly for heavy-ion or z-pinch drivers, and

•
What changes must be made in the target design, and how are these implemented?

The major issues for fast ignition center around protection of the final optics, which consist of several optical elements for pulse compression that must be kept inside the chamber vacuum boundary.  In addition to protection of the final optic that views the target, the other elements must also be resistant to the high radiation environment, and accommodate the effects of debris that may be transported into that region.  Target design, and optimization of the relative energy of the compression and fast ignition drivers, is the second major issue requiring resolution.

