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BEAM PLASMA INTERACTIONS
Description

In Heavy Ion Fusion, intense beams of ions from an accelerator must deliver their energy into compact (mm-scale) volumes within fusion targets. A variety of beam-plasma interactions arise: 

· In the target (Fig. 1), the ion beams interact with matter (radiation converters or ablator material) that stops them and absorbs their kinetic energy, using it to (indirectly or directly) drive the implosion and ignition of the fuel capsule. This matter rapidly becomes dense plasma. 
· In the fusion chamber (Figs 2 and 3), plasma is created when ion beams and target radiation ionize the background vapor (which is in the mTorr pressure range). Plasma can also be provided by external sources (or a pre‑pulse hitting a target extension) to aid neutralized-ballistic focusing, wherein plasma electrons adjust their distribution to cancel out the macroscopic space charge field of the ions. 

· In some concepts (though not the baseline), there is a need for a neutralizing plasma in, or near the end of, the drift compression section (between the accelerator and final optic), to enable use of “neutralized drift compression” so as to obtain shorter beam pulses. 
· In the accelerator, the impact of outlying (“halo”) beam ions on the wall causes the emission of “secondary” electrons. The resulting “electron cloud” may interact with the beam.

Status

· Ion stopping in the target is mainly due to interactions with bound electrons in atoms and ions. Stopping and scattering in solid and gas targets is well-studied; data are available for a variety of ions and target materials. In plasma, the ion range is shortened by the contributions of free electrons. For classical plasma, mature theory exists and is being benchmarked by experiments at GSI shooting ions into laser-heated matter at high temperature and low density. This effect must be accounted for in target design; indeed, it allows reduction of the mass of the heated matter. There is no analogue to the stimulated scattering seen in laser-target interactions.
· In the fusion chamber, the plasma density must be large relative to the beam density for effective charge neutralization and a compact focal spot. This process is robust, and has been employed on recent experiments at LBNL. The cross-sections for beam stripping and charge exchange on background atoms or ions have been extensively studied experimentally and theoretically. Beam-plasma interactions have been extensively studied for a variety of applications. Collective processes may include focusing associated with polarization of the background plasma, interactions among the beams in plasma, and unstable modes such as hose, sausage, filamentation, and two-stream which must be controlled by design. The latter are detuned or inhibited by the variation of beam parameters along the pulse, the finite transit time in the chamber, the large inertia of heavy ions, and the inhomogeneity of the beam and plasma profiles. Enhanced focusing may be achievable via self-pinch effects or via a plasma lens (as at the GSI and ITEP-TWAC ion beam facilities in Germany and Russia). Propagation in the chamber is understood using experiments, theory, and advanced particle-in-cell simulations. 

· Neutralized drift compression (NDC) allows a much shorter final pulse than can be obtained using the baseline non-neutral drift compression. In non-neutral drift compression, space-charge repulsion ultimately limits bunch compression but yields a nearly-monoenergetic beam at the final optic, minimizing chromatic aberrations and making it easier to achieve a small beam spot on target. NDC is the basis for the NDCX-I and the NDCX-II facility now under construction. It is highly effective provided that the plasma density exceeds the beam density. 
· In the accelerator, the impact of halo beam ions on the pipe wall induces the emission of a low-density electron cloud, which could influence beam dynamics through their space charge, and neutral atoms which raise the background gas pressure. Halo ions can be scraped away, and stray electrons can be swept out by strong electric and magnetic fields in accelerating and focusing (confining) elements. 
Current Research and Development (R&D)

R&D Goals and Challenges

· Validate theory of beam transport and focusing for high current beams in plasma.

· Develop plasma sources compatible with the chamber and drift line. These should have high plasma density, low gas pressure, and the ability to operate at the repetition rate of a reactor.   

· Further assess beam emittance growth during propagation in plasma for driver scale beams.
· Further develop advanced 3D numerical simulation capability for beam-plasma interactions. 

· Evaluate beam focusing and steering in plasma by application of external magnetic field.

Related R&D Activities

· Energetic particle interaction with plasma in magnetic fusion, space plasmas, astrophysics.

· Generation of intense particle beams by lasers for various applications. 

· Wake-field and other collective acceleration schemes using beam plasma-interactions.

Recent Successes

· Completion of neutralized drift and focusing experiments demonstrating large compressions.

· Construction and successful operation of several-meters-long ferroelectric plasma source.
· Demonstration of collective acceleration in experiments at SLAC, LBNL, and elsewhere.
· Solid progress toward validated, advanced 3D PIC codes for beam-plasma interaction.

Metrics
Anticipated Contributions

· An efficient, reliable, durable, plasma neutralization and focusing system that meets IFE system requirements, having adequate (5-10 Hz) repetition rate and cost.

Near Term (first ~5 years)

· Operate NDCX-II to validate NDC and focusing for larger beam space charge than NDCX-I.
·  Further assess impact of beam-plasma instabilities on emittance.
· Evaluate neutralized drift compression scheme for negative ion beams.

· Upgrade the HCX facility at LBNL to carry out quantitative studies of beam interactions with residual gas and stray electron cloud, at 5-10 Hz and over relevant distance.
· Further develop detailed simulation capabilities and benchmark vs. the above experiments. 

Midterm (next ~10 years)

· Evaluate neutralized transport for HIDIX facility and a full-scale driver.

Long Term (next ~20 years)

· Validate neutralized transport for a full-scale driver, at rep rate. 

Principal steps to a DEMO plant
· Validate feasibility of neutralized transport for all steps leading to full-scale driver. 
Proponents’ Claims

· Neutralized ion beam transport in the chamber is compatible with a thick liquid wall. 
· Beam space charge is well-neutralized by a background plasma of suitable density. 
· Beam plasma instabilities are mitigated due to finite transit time through the chamber, large inertia of heavy ions, and inhomogeneity of the beam and plasma density profiles; 

· Electron cloud effects are mitigated by applied electric and magnetic fields, and beam control.

Critics’ Claims

· Plasmas introduce beam and background plasma dynamics, including the following: streaming and filamentation instabilities, imperfect neutralization, beam stripping, emittance growth.
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FIG. 2. (Color online) Concept depiction of plasma-assisted transverse fo-
cusing. Space charge and current neutralization of the intense charge bunch
allows the beam to focus to its emittance-dominated spot size.
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Fig. 1. (a) Indirect-drive HIF target [from D. Callahan-Miller and M. Tabak, Phys. Plasmas 7 (2000)]; (b) schematic showing beam absorbing elements at, e.g., positions C (Fe at 0.016 g/cc) and D ([CH]0.97Au0.03 at 0.011 g/cc) [from D. Goodin’s target-fabrication presentation to the NAS-IFE panel on Jan 30, 2011, available at http://fire.pppl.gov/icf_nas_review_2010.html ].
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Fig. 2. Plasma-assisted transverse focusing, wherein neutralization allows to beam to focus to a compact (emittance-limited) spot [from A. Sefkow, et al., Phys. Plasmas 16, 056701 (2009)].
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Fig. 3. Snapshot from a particle-in-cell simulation of neutralized ion beam transport in chamber, showing beam and background ions, electrons, and distribution of beam ion charge states.
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