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HEAVY ION ACCELERATOR DRIVERS

Description

Heavy ions of mass ~100 amu and ion kinetic energy ≥ 1 GeV have a stopping range suitable to drive IFE targets with yield >100 MJ and gain >50.  A heavy-ion driver must deliver 1–10 MJ of energy, properly shaped, at a peak power ≥100 TW at ~10 Hz. The beams’ quality and alignment must be such that they can be focused on the target to a radius of a few millimeters from a distance of several meters. Limitations due to space charge, emittance growth, beam-gas, and beam-plasma interactions must be sufficiently controlled throughout the driver. Because of the high charge per bunch, the general approach is to accelerate a longer bunch and then compress it to the short length required at the target. Nuclear and high energy physics accelerators, with total beam energy of ≥ 1 MJ have separately exhibited intrinsic efficiencies, pulse repetition rates (>100 Hz), power levels (TW), and durability required for IFE (Table 1). 

Status


The three main types of heavy ion drivers are synchrotrons, RF linacs (with storage rings) and induction linacs.  RF accelerators are appealing because of the extensive experience in high energy and nuclear physics; and induction accelerators, because of their much higher efficiency and higher particle beam current (10 kA in some applications). The US effort has focused on induction accelerators because of higher efficiency and because there is no need to accumulate charge in storage rings; their non-resonant character allows pulse compression.  Since the beam space charge repulsion is large compared to the effective temperature, the mean transverse focusing force must balance the space charge force.  To subdivide the ~100 kA impinging on the target to beams with a few kA each, a single accelerator for multiple beams was an early innovation to meet the focal spot requirements. The multiple beams can be accelerated simultaneously through the same induction cells, interspersed with arrays of superconducting magnets (Fig. 1). Tests of induction modules have shown efficiencies of up to 40%.  Integrated target designs and accelerator designs have been merged in consistent systems models. 

Current Research and Development (R&D)

R&D Goals and Challenges


The challenge is to inject and maintain high beam brightness and low emittance through the accelerator and to the target despite the large space charge forces that dominate the beam dynamics for most of the accelerator.  The beam emittance is the volume occupied by the particles of the beam in space and momentum phase space as it travels. Sources of emittance growth include imperfections of the accelerator focusing magnet fields, alignment, beam-gas interactions and the effect on the beam of unwanted electrons, chromatic aberrations, and beam-plasma interactions in the reactor chamber. Scaled experiments with relevant perveance (the ratio of space charge repulsion to ion kinetic energy) have shown that the emittance growth from the above effects can be controlled. The next goals require experiments at higher current and energy, and at driver repetition rate.


Ultimately, an integrated experiment (HIDIX) precedes a DEMO, and would, if successful, validate the HIF approach. It must demonstrate all of the key driver beam manipulations: creation of a high-current, low emittance beam, injection, matching and merging of multiple beams into the accelerator at 10 Hz, acceleration and focusing through magnetic quadrupoles, longitudinal bunch control, and at the end of the accelerator, separation of beams at the end of the accelerator, the bunching of the beam from ~100 ns to ~10 ns at the target.  The resulting beams will be capable of fusion-relevant target heating and compression. Several years of R&D are required to reduce risk and to develop cost-effective components for the experiment (eg: injectors and acceleration modules).
Related R&D Activities

· Superconducting focusing magnets, pulsed power, alignment and diagnostics for accelerators
· The research programs in heavy ion fusion in Europe, Russia, and Japan

Recent Successes


Experiments and simulations showed that stable beam transport over long distances in the accelerator can be achieved with low emittance growth in the presence of high space charge.  Scaled experiments addressing most beam manipulations in a driver have been completed. Advanced simulations suggest that it will be possible to achieve adequate focusing at the required peak power. 

· The High Current Experiment showed that beams of driver current and brightness can be created, injected and transported over short distances.

· Scaled experiments and advanced simulations addressed beam manipulations required in a driver. Most of these experiments have been scaled, using beams of 10–50 mA, in order to test critical beam physics with the relevant perveance: Test of emittance growth through many quadrupoles (SBTE), merging beams transversely while retaining good beam quality (Combiner, Multibeamlet Merging Experiment), focusing to millimeter focal spots (FFSE, NTX, NDCX), experiments on beam bending (UMER). Current amplification by longitudinal compression of a few to ≈50 times has been demonstrated (MBE-4, NDCX).

Metrics

Anticipated Contributions


Carry out the R&D toward a HIDIX accelerator driver, to be followed by a ignition facility and DEMO power plant.  Both HIDIX and the DEMO driver must be efficient, reliable, and durable.
Near Term (first ~5 years)

· Develop a physics design for HIDIX.  Continue to develop advanced source-to-target simulations. 

· Commence experiments with a single beam, at driver repetition rate (5-10 Hz) in an accelerator long enough to evaluate the risk of emittance growth for a driver scale beam in the HIDIX. The beam energy and current will be characteristic of the front end of the HIDIX.

· Develop cost-effective injectors, quadrupole arrays, pulsers, insulators, and induction cells.  
Midterm (next ~10 years)

· Complete beam physics and injector experiments at driver scale.

· Build the HIDIX and use it for beam physics, target physics, focusing, and chamber experiments. 

Long Term (next ~20 years)

· Based on the HIDIX program, develop and build a fusion ignition facility.

· Upgrade the ignition facility to a demonstration power plant using the existing driver.

Principal steps to a DEMO plant

The HIDIX will be followed by rep-rated chamber experiments with high fusion yield, including experiments and demonstration of liquid wall protection.  Driver reliability and economics will be a focus of the research at this stage. The DEMO will use the same driver.
Proponents’ Claims

· The cost of multi-beam accelerators scale favorably with total beam energy. 
· The high reliability, durability, repetition rates, and efficiency of particle accelerators carry over to the IFE application with attractive economics. 
· Experiments and advanced simulations suggest that multiple beams can be created and focused with the required peak power.
Critics’ Claims

· Present-day accelerator experiments for heavy ion fusion are at a small scale. 

· The heavy ion driver will be expensive, and the development steps will be costly. 

· Beam quality requirements will impose additional costs or require too many beams. 
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	Figure 1: Main components of an induction linac driver and beam parameters. Power amplification to the required 1014 to 1015 W is achieved by acceleration and longitudinal bunching of a mostly non-relativistic beam.
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	Figure 2: Illustration of multiple beam acceleration and focusing within a single induction core.  Focusing with electrostatic quadrupoles has advantages at the front end of the driver (compactness, clearing of unwanted electrons).  Most of the length of the driver uses superconducting magnetic quadrupoles.  By sharing flux with the neighboring cells, the focusing field gradient is enhanced.


	Table 1(a): Accelerators produce high-power, high energy beams.  CERN’s ISR had a single-beam power (protons) 1 TW at 30 GeV. In Dec. 2010, SNS ran for 24 hours without interruption with 1 MW beam power at 60 Hz.  Hardware availabilities of 70% - 90% have been reached at large accelerators for high energy and nuclear physics frontier research.

	
	SNS
	PSI
	Tevatron
	LHC

	Ion species
	Protons
	Protons
	Protons
	Pb82+

	Ion energy
	1 GeV
	590 MeV
	0.98 TeV
	2.8 TeV /nucleon

	Beam power
	1 MW
	1.4 MW
	
	

	Stored beam energy
	1.6 MJ
	3.8 MJ


	Table 1(b): Induction linear accelerators have transported high current beam pulses, often with high repetition rate.

	
	DARHT-II
	SILUND-2
	ATA

	electron energy
	17 MeV
	0.8 MeV
	50 MeV

	Peak beam current
	2 kA
	1 kA
	10 kA

	Repetition rate
	< 1 Hz
	50 Hz
	5 Hz
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