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FINAL OPTICS -- HEAVY ION BEAMS
Description
· "Final optics" are here defined as the elements which focus the ion beam transversely into a small (mm scale) spot and compress it longitudinally into a short (~ 10 ns) pulse at the target.
· Each ion beam in a heavy ion fusion driver will pass through a set of magnetic elements (quadrupoles and dipoles---see fig.1) whose fields focus and steer the beam onto the target. The magnet coils are not on a line-of-sight to the target, and thus avoid the direct gamma rays, ions, neutrons and target debris from the target explosion. Additional shielding prevents scattered neutrons and radiation from heating the superconducting wire or damaging the magnets, such that magnet lifetimes will be equal to or greater than the lifetime of the power plant. 
· The beam is longitudinally compressed and the current pulse shape is tailored, by imposing a ramp in velocity, i.e., the tail of the beam is accelerated relative to the head. The accelerating cells that impose the ramp are far upstream, and so are easily shielded from the fusion explosion.

· In general, beam space charge acts to defocus the beam (both radially, limiting the formation of small focal spots, and longitudinally, limiting the formation of a short pulse). The baseline design employs a neutralized final focus, in which plasma electrons neutralize the beam space charge in the target chamber after the final magnetic element (a distance of order 6 m). Some HIF driver designs additionally call for plasma to neutralize the beam during the final drift compression (a distance of order tens to hundreds of meters), to enhance the longitudinal compression of the beam. In such designs, plasma must be generated along the neutralized portion of the beam path. Beam interactions with vapor and plasma are discussed in “Beam-Plasma Interactions.”
· In addition to the beams' own space charge, there are a number of processes that limit the spot radius. The ions' transverse thermal motion (transverse temperature) limits the minimum spot radius. Similarly, the longitudinal temperature (velocity spread) limits the minimum spot size as different ion energies have different focal lengths (chromatic aberrations). The longitudinal temperature also limits the minimum pulse duration, as different particles arrive at the target at different times. The requirement of spot size, pulse duration, pulse energy, and acceptance angle set by the target and by non-linear finite angle effects (geometric aberrations) place a constraint on the six dimensional phase space density of the beam, which by Liouville's theorem does not decrease from the injector to the target. This target acceptance limit must be consistent with the final phase space density, constrained by all sources that dilute the macroscopic phase space density from its initial value, including alignment and accelerating errors throughout the accelerator, and propagation through bends.

· For unneutralized drift compression, the beam arrives at the final focus just as the space charge force has removed the head-to-tail velocity variation, so that the final focus is nearly achromatic.
· In the chamber, multiple beams can interact through electric and magnetic fields, and final beam aiming must account for these forces. 
· Final steering of beams to target is achieved by small magnetic dipole deflections on each shot.
Status

· Scaled experiments (in key dimensionless parameters, such as perveance) addressing both neutralized and unneutralized final focus have been carried out on the Final Focus Scaled Experiment (FFSE, 1999), the Neutralized Transport Experiment (NTX, ~ 2004) and the Neutralized Drift Compression Experiment (NDCX-I, 2010).  Scaled drift compression experiments have been carried out on the four-beam Multiple-Beam-Experiment (MBE-4, 1989) and NDCX-I. The NDCX-I experiment is currently exploring limits to both longitudinal and transverse compression. 
· Several types of plasma generators have been employed in NTX and NDCX-I including Ferroelectric Plasma sources (FEPS) and cathodic arc plasma sources (CAPS). Plasma densities up to ~ 1013 cm-3 have been achieved using the CAPS in the chamber and up to ~1011 cm-3 have been achieved using the FEPS along the drift compression line, densities sufficient for beam neutralization in NDCX-I.

· The WARP and LSP 3D Particle-in-cell codes have both been employed to simulate  beam propagation in a plasma, and have been validated in many experiments including the High Current Experiment (HCX), MBE-4, FFSE, NTX, NDCX-I, and the U. Md. Electron Ring (UMER).
Current Research and Development (R&D)

R&D Goals and Challenges

· The HIF program is currently building the Neutralized Drift Compression Experiment II (NDCX-II) that will investigate both neutralized and unneutralized drift compression and final focus. NDCX-II will ultimately achieve dimensional parameters of ~ 1 - 3 MeV, 30 A, 1 ns, 0.1 J. Dimensionless parameters will meet or exceed driver parameters, e.g. final perveance (ratio of space charge potential energy to ion beam kinetic energy) ~ 10-2 (cf driver at 10-4 to 10-3). Maximum plasma density in the chamber required ~ 1013 to 1015 cm-3, similar to some driver designs. Modeling of multiple-beam effects will be addressed through scaled experiments, and sophisticated particle-in-cell codes that can simulate the ion beams, the background gas and plasma. 
· Develop driver scale magnets, shielding systems and, if required, higher density plasma sources.
Related R&D Activities

(
Superconducting magnet research on final focusing systems for high-energy and nuclear physics accelerators carries over directly to Heavy Ion Fusion research.
Recent Successes

(
FFSE, NTX, and NDCX-I have investigated the scaling laws of both neutralized and unneutralized final focus. MBE-4 and NDCX-I have explored un-neutralized and neutralized drift compression. 

(
Advanced simulations of radiation shielding of the superconducting magnets show long life.

Metrics
Anticipated Contributions

· A design for an efficient, reliable, and durable focusing system.

Near Term (first ~ 5 years)
· Complete the present and future scaled focusing and drift compression experiments on NDCX-I and NDCX-II (beam pulse energy~0.1 J) and its upgrade IB-HEDPX (~1 J).

· Develop multiple beam final focus magnet arrays, plasma sources, and bend designs.

· Design the Heavy Ion Driven Implosion Experiment (HIDIX) that will employ driver-like drift compression and final focus, including multiple beam issues. 

· Advanced two stage focusing systems (using plasma lenses or beam self-pinch) will be designed and studied using plasma lens and/or beam self-magnetic fields to achieve higher power densities on target, for potential use in near term experiments and drivers.
Midterm (next ~ 10 years)
(
Build the HIDIX and use it for focusing, drift compression and chamber experiments (~10 kJ).
(
After completing the HIDIX program, develop and build a full-scale ignition facility.
Long Term (next ~ 20 years)
· Upgrade the ignition facility to a demonstration power plant using the existing driver (~ several MJ) 

Principal steps to a DEMO plant
NDCX-II → HIDIX → HIF ignition facility → upgrade to DEMO.

Proponents’ Claims

Proponents claim that the ability to shield the final focusing optics from photons, neutrons, ions and debris generated by the target implosion, is a distinct and clear advantage for heavy ion fusion. The research program outlined above addresses critics claims stated below. 

Critics’ Claims

Critics claim that the small scale of present-day final focus experiments is insufficient to validate claims that small focal spots can be achieved at driver scale, using multiple beams.  

[image: image1.png]Aperture of final

015/, (Horizontal beam raius).
four magnets

b (Vertical beam radius)

Target

0.00
0 10 20 30 40

2(m)

Final four quadrupole magnets
(at actual aspect ratio)





Figure 1. Upper: Horizontal and vertical beam radius as the beam passes through final few quadrupoles in a final focus system. Lower: Sketch of the final four magnets with actual aspect ratio shown.
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Figure 2. Magnet system support and assembly concept for final focus array of the final magnet of the Robust Point Design study. Central hole facilitates target injection.
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Figure 3. Layout of the final beamlines and the chamber in the 2002 Robust Point Design study.
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