4.3.1.2      IFE Chamber and Target Technology

IFE chamber and target technology research focuses on supporting the future deployment of an Experimental Test Facility (ETF), as well as supporting decisions for construction of Integrated Research Experiments (IREs) that will proceed the ETF.  The ETF will be the first IFE research facility with the capability to ignite fusion targets at high repetition rates, breed tritium fuel, and generate net fusion electricity.

The construction decision for the ETF will require engineering designs for target fabrication and injection systems, chambers capable of operating reliably and safely at high repetition rates, while extracting fusion power to a high-temperature chamber coolant, performing coolant chemistry control and tritium and target material recovery, and demonstrating electrical power conversion while maintaining robust confinement of tritium.  IFE energy systems have specific characteristics that simplify the study and design of these future ETF chamber and target systems.

The Snowmass IFE Chamber and Target Technology (IT) working groups reviewed the current state of chamber and target science, and identified key issues that require future study for each of the major drivers.  The working groups concluded that the needed experimental capabilities are available, or are understood, for all of the phenomena that govern chamber response, and that technically credible pathways are available to resolve these chamber issues.  Further, these chamber issues can be addressed at moderate cost because strong leverage exists with current and future NNSA and DOE-OFES experimental facilities.

The phenomena that occur in IFE chambers cover an extremely wide range of time scales, from the tens of nanoseconds during which the driver ignites a target, to the fraction of a second over which the chamber clears to permit another shot, to the three or more decades over which chamber equipment operates.  Wide scale ranges occur in many complex systems, from the global climate to the operation of MFE tokamaks.  Such wide scale ranges are a primary attribute characterizing many of the world’s technical and scientific grand-challenge problems.

But, contrasted to most of these problems, the pulsed character of successful inertial fusion energy systems changes the fundamental characteristics of IFE system complexity.  In quasi-steady systems like the climate and tokamaks, very small time and length scale phenomena occur continuously, and practical modeling approaches require that these small-scale phenomena be treated with approximate relationships in modeling to predict the integrated system behavior.  In contrast, the short-time-scale phenomena in IFE systems occur over a brief period of time, and then stop.  This means that early, rapid phenomena can be modeled with precise physics, and the results fed into the modeling of subsequent, slower processes.  Thus IFE systems fall among a very small subset of complex systems, where the potential exists to fully predict their behavior from first principles.

In inertial confinement, the fusion plasma physics occurs in a small target which provides the analog of the large toroidal plasma of an MFE tokamak.  Because ICF targets are tiny and can be fabricated in large numbers, very large ranges of target configurations, and target plasma physics, can be investigated at low cost.  Indeed, international ICF research programs have studied an extraordinary range of target designs.  To enable this wide-ranging exploration, highly sophisticated fabrication methods have been developed.  A primary challenge for IFE is to develop target assembly methods that can be extended to inexpensive bulk production, such as automation of the microencapsulation methods currently used for fabricating plastic ICF target capsules.

Because the fundamental processes that govern chamber response have similar character for all chamber approaches, the IT working groups were organized around the specific phases of pulsed IFE chamber operation (IT-1, IT-2, IT-3), as shown in Table 1, with separate working groups covering target fabrication and injection (IT-4), and systems integration and modeling (IT-5).  By tasking the groups to consider all of the subsystems of IFE power plants, this organization assured that the groups identified and considered all of the phenomena that govern IFE chamber and target performance.  The remainder of this section summarizes the experimental and modeling tools that each working group identified, and Section 4.3.3 then summarizes the technology plans for each of the major drivers, that will advance these predictive capabilities to support deployment decisions through to the construction of the ETF.

IT-1
IFE Chamber Response--Microsecond Phenomena.   IFE targets are driven to ignition over nanosecond time scales, releasing a pulse of fusion energy in the form of neutrons, energetic ions, x rays and target debris.  The response of chamber materials to the target energy release during the next several hundred microseconds involves a variety of phenomena, including radiation and energetic particle transport, solid-surface response to x-rays and energetic particles, surface ablation and compressible flow with chemical dissociation and recombination, and shock propagation in liquids and solid structures.  Similar phenomena occur in defense applications involving pulsed energy releases, as well as commercial applications including laser ablation and machining. Except for pulsed fusion neutrons, experimental capabilities already exist to replicate prototypical target outputs at prototypical fluences.  Currently IFE materials response research uses NNSA experimental facilities at Sandia (Z and Rhepp.)  Additional smaller pulsed power, laser and shock-tube facilities are being used at the national laboratories and universities.  Neutron isochoric heating and subsequent relaxation can be modeled with low uncertainty for simple material geometries, so current chamber designs use material configurations designed to reduce the motion and stresses such heating generates.

IT-2
IFE Chamber Clearing/Recovery--Millisecond Phenomena.  High repetition rates are a key requirement for IFE.  The phenomena that control the repetition rate in IFE chambers occur over millisecond time scales.  For solid, “dry” wall chambers these include the hydrodynamic and thermal response of any chamber fill gas and the thermal and mechanical response and equilibration of wall and final-optics surfaces.  The dry-wall chamber research community is currently working to identify approaches to studying the combined energy and momentum transport in chamber fill gases, while wall thermal response is being studied using pulsed lasers.  For liquid-protected chambers phenomena include the equilibration and condensation of target and ablation debris, and the regeneration and equilibration of liquid surfaces and structures.  Millisecond liquid hydrodynamic phenomena are currently being studied in water experiments scaled to reproduce hydrodynamic phenomena, while ablation debris venting is being studied using plasma guns to generate prototypical energy and mass density plasmas with prototypical chamber materials.

IT-3
IFE Chamber Safety/Environment/Reliability--Quasi-steady Phenomena.  The phenomena that control the safety and reliability of IFE power systems arise from the integrated effects of pulsed chamber operation.  These quasi-steady phenomena control the inventories and chemical states of activation products including tritium;  accumulated damage to chamber materials and structures from neutrons, erosion, corrosion and other mechanisms; coolant chemistry control; target-debris and tritium recovery and recycle; and energy transport from the chamber to power conversion systems.  Many of the quasi-steady IFE phenomena have direct MFE analogs, and substantial cross-cutting research already occurs in these areas.  For dry and wetted wall chambers, IFE shares the MFE need for fusion neutron irradiation experimental facilities.  For dry wall chambers, it has recently been noted that the ELM-mode loading of ITER chamber walls is almost identical, and therefore dry-wall chamber research is now focusing substantial attention to the solutions identified for ITER.  For liquid-protected chambers experiments with the prototypical coolant are required to study corrosion and erosion of chamber and nozzle structures, and well as chemistry control and tritium and target debris recovery.  Simple versions of such experiments are underway using static containers, and flow loop testing will be performed in parallel with IRE activities.

IT-4
IFE Target Fabrication/Injection.  DOE NNSA currently conducts a major research and development program to supply targets for inertial confinement fusion research.  IFE target research focuses on the specific, additional issues that must be resolved for application of inertial fusion targets to energy production, which include rapid and inexpensive target manufacturing, the development of target materials which are compatible with chamber systems and waste disposal requirements, and the development of target injection systems.  Both target fabrication and target injection can be studied readily at prototypical scales, so these experimental programs can provide high confidence in the economics and performance predictions for target systems.

IT-5
IFE Integrated Chamber/Focus System Design and Modeling.  The high degree of modularity and physical separation of the major IFE power-plant subsystems greatly facilitates parallel development of driver, chamber, and target systems.  The optimal development of these subsystems, though, requires system integration and optimization.  These efforts have included the development of integrated systems models that apply physically-based scaling rules, system optimization studies, and the development of system point designs that provide reference parameters for ongoing research efforts.  Scaling plays a particularly important role in the design of system experiments, and in identifying and quantifying the levels of distortion in sequences of integrated experiments that increasingly approach prototypical length and energy scales (e.g. the IRE-ETF-Demo sequence).  Programmatic planning relies heavily on system modeling tools to prioritize experimental and modeling activities.
In general, the working groups concluded that clear routes exist to experimentally validate chamber and target performance models, and to support IRE and ETF decision milestones.  Under budget growth required to support IRE experiments, the resources required for chamber and technology R&D should be maintained at roughly the same balance that now exists to accomplish the necessary R&D.  These relatively modest resource requirements assume that substantial synergy with MFE research will continue, particularly in addressing neutron irradiation effects and blanket design requirements for dry-wall IFE chambers.

Table 1.
Categorization of IFE power system phenomena by time scale and spatial region, and corresponding topical areas for the IFE Technology (IT), Driver (D), and Target Physics (IP) Working Groups.

	
Spatial Volume
	Time Scale (Phenomena Duration)

	
	Nanosecond
(Target Gain)
	Microsecond
	Millisecond
(Rep. Rate)
	Quasi-Steady
(Safety/Reliab.)

	Capsule
	Neutron/ion/
x-ray emission
(IP)
	Target debris expansion/ interaction with ablation debris, venting, impulse
(IT-1)
	Debris condensation
(IT-2)
	—

	Hohlraum (if used)
	X-ray and debris emission
(IP)
	
	
	—

	Driver energy transport paths
	Beam transport and focusing
(D)
	
	
	Debris accumulation
(IT-3)

	Pocket Void/Vent Paths
	—
	
	
	—

	External Condensing Region
	—
	
	
	

	Target-facing Surface Layers 
	X-ray deposition
(IT-1)
	Ablation/ impulse
(IT-1)
	Liq. hydraulics/ solid thermal mechanics
(IT-2)
	Activation, neutron damage (solids), safety
(IT-3)

	Blanket (liquid/solid)
	Neutron and gamma deposition
(IT-1)
	Neutron heating relaxation
(IT-1)
	
	

	Final focus elements
	
	X-ray/debris interaction
(IT-1)
	—
	Damage rate
(IT-3)

	Chamber structures
	
	—
	—
	Safety, tritium, activation, corrosion
(IT-3)

	Coolant recirc./ heat recovery
	—
	—
	—
	

	Accelerator/ laser systems
	Driver physics
(D)
	—
	Driver rep. rate and reliability
(ID)

	Target injection
	—
	—
	Accel./heating
(IT-4)
	—

	Target fabrication
	—
	—
	—
	Safety/reliabil.
(IT-4)

	Balance of plant
	—
	—
	—
	Safety/reliabil.
(IT-3)


