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I. Goal and motivation


The FRC device has the highest volume-average beta, 〈b〉, of any candidate magnetic fusion reactor. If near-classical energy confinement, tE, were achievable, fuller advantage of the high 〈b〉 attribute is possible, allowing major benefits such as:
· Smaller reactors, ca., 5 MW, suitable for a robust distributed power grid

· Natural stability against certain MHD instabilities 

· Burning aneutronic fuels, greatly easing materials and environmental issues, as well as accelerating reactor development, improvements, and implementation.


Why might classical confinement occur in FRCs? Other magnetic configurations have shown excellent confinement when gyroradii (ri) are large, e.g., neoclassical ion confinement has been achieved in keV-ion-temperature tokamaks and STs and confinement times exceeding 1 s have been measured for MeV electrons in tokamaks. Moreover, an FRC with zero toroidal magnetic field would have reduced toroidal propagation of fluctuations that are linked to anomalous transport. 


The 12-year goal for this research concept is to explore means to achieve near classical confinement in a quasi-steady-state, rotating-magnetic-field (RMF)-heated FRC device operating at reactor levels of temperature, density, and ratio of ri to separatrix radius, rs. 

II. Research questions that need to be addressed


FRC reactor designs occupy a 3-D space defined by choices of fuel (D-T, D-D, D-He3, or p-B11), heating method (RF, neutral beams, or compression), and operational mode (ignited or driven). We chose D-He3 fueled, RF heated, and driven operation, in an attempt to 1) lessen technical challenges, e.g., tritium breeding and neutron damage; 2) lower tE requirements compared to p-B11 fusion; and 3) reduce device size, hence cost and development time. (Beam heating requires a thicker plasma than RF heating, to absorb the beam. A driven reactor may allow prompt loss of fusion products and requires lower tE – hence, smaller rs – than ignited ones. Prompt loss of fusion products solves ash build-up problems and reduces neutron production.)


We organize the research questions into three categories defined by components of the device: RMFo physics; divertors; and flux conservers. Research efforts on stability and tE are noted within these categories.

II.A. RMFo physics:  Even-parity rotating magnetic fields (RMFe) were first proposed to drive the total plasma current in FRCs. Though successful at current drive (CD), the tE was poor, attributed to ion-acoustic-speed flow on open field lines created by the RMFe. Additionally, for four decades RMFe penetration into the plasma was incomplete. Our recent odd-parity (RMFo) experiments have achieved full penetration. Other RMFo-CD scientific and technical issues include generation of far larger currents, ion spin-up, CD efficiency, and the detailed CD mechanism.


RMFo is predicted to improve tE by maintaining closed field lines. Though first RMFo experiments have shown improved confinement, definitive proof for closed field lines has not been obtained and is needed.


RMFo is predicted to heat electrons. First experimental results show average electron energies close to predicted values, but the detailed electron energy distribution differs from the theoretical, hence the heating mechanism is unconfirmed. 


RMFo is predicted to heat ions if the proper frequency is used. Parameters of current FRCs do not allow these studies. If hot ions are eventually produced, research on kinetic (in)stability, the FRC loss cone, electrostatic potentials on flux surfaces, ion currents, ion-species-selective heating, thermalization, and plasma rotation must be made. 


RMFo is predicted to improve stability against the tilt mode, via dynamic stabilization, and against the interchange instability, by shear, but to split the plasma column, via the ponderomotive force. Research on stability is needed.


RMFo phase, amplitude and frequency must be precisely controlled during evolving plasma discharges, to effect the required time-dependent penetration,  current drive, and heating.

II.B. Divertors and mirror fields:  It is essential to perform FRC research experiments with divertors prototypical of reactor embodiments. Their importance is more than intuition based on the positive impact of divertors on tokamak operations. 

· Direct energy extraction in divertors holds the possibility of higher efficiency, perhaps a necessity for the viability of advanced-fuel-burning reactors. 

· Field-line shape, e.g., cusps, in divertors can stabilize interchange modes. 

· A strong divertor-throat mirror field can reduce the FRC loss cone.

· Neutral-particle recycling in the FRC main chamber must be low to reduce energy and momentum loss and detrimental plasma-wall interactions. 

· The scrape-off layer (SOL) of an FRC is tightly connected to the plasma inside rs by large ri particles. Control of the SOL may control the interior plasma.

II.C. Flux conservers: Quasi-steady-state reactors will require superconducting flux conservers (FC). An axially extended/continuous FC is incompatible with RMFo. Separated coaxial FC rings are a possible solution that requires investigation. 


Theory/modeling must provide realistic FRC equilibria, including the effects of FC rings, non-uniform axial fields, elongation, and finite pressure outside the separatrix. Experiments must test FC designs for their contributions to equilibrium and stability.

III. Means available to address questions


Of the ~10 research FRCs in the US, the PFRC is the only one with divertors, a precisely controllable RMFo system, and FCs. (Superconducting FCs are now being tested.) The PFRC is the only FRC devoted exclusively to RMFo. The PFRC has a duty factor 100 times higher than other FRCs. Table I shows PFRC parameters that have been achieved and ones predicted if facility upgrades were made every 3-4 years. 

IV. Research gaps and how they be addressed


The gaps in the program, noted in Section II, could be filled by the series of PFRC facility upgrades in size, field, power, pulse length, and diagnostics shown in Table I. Scientific manpower is a critical issue. Spending in the 12-year PFRC program would be divided 60/40 between research manpower and technical expenses, the latter including diagnostics, equipment, M&S, engineering, construction, and maintenance.

Table I. Proposed sequence of PFRC experiments leading to a practical reactor

	Machine
	I
	II
	III
	IV

	Years
	2006-08
	2009-11
	2012-2016
	2017-2020

	Separatrix radius, rs (cm)
	3
	5
	10
	25

	Elongation, k
	5
	3
	10
	15

	B (G)   /   F (mVs)
	102   /  0.01
	103   /  0.25
	104   /  10
	6x104   / 400

	ne (1013 cm-3)
	0.1
	1
	15
	40

	Ion species
	H
	H
	D
	D-He3

	Te (keV)
	0.25
	2.5
	10
	60

	Ti (keV)
	5x10-4
	10-3
	5
	150

	P (kW)
	20
	200
	1000
	2000

	tE (s)   (V SnT/P)
	3x10-6
	3x10-5
	6x10-3
	3

	tE ion acoustic (s)
	7x10-7
	3x10-7
	2x10-7
	10-7

	tEe classical (s)
	4x10-4
	4x10-2
	2
	400

	tEi classical (s)
	7x10-7
	3x10-5
	3x10-2
	14

	Useful pulse length (s)
	0.004
	0.5
	2
	>10

	Selectrons
	2.7
	14
	130
	830

	Sions
	1.2
	15
	3.4
	7.8

	SHe3 (fusion product)
	
	
	
	5.4

	Sp,He4,T (fusion products)
	
	
	
	2.4

	Average annual cost (M$)
	0.25
	3
	5
	7



Red fill signifies highly challenging physics and technology steps.


Blue fill indicates the facility upgrades in size, field, pulse length, and power.

