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OUTLINE:

•
Simply connected configurations and high  for fusion space propulsion

•
Chandrasekhar-Kendall-Furth (CKF) configurations, their MHD equilibrium and stability

•
CKF burners and prompt losses of charged fusion products 

•
Conclusions

The most investigated magnetic fusion configurations are not simply connected:
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 Compact Tori yield simply connected plasma configurations: Spheromaks and FRC’s
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Simply connected magnetic configuration strongly simplify the design of a fusion reactor:

•
Confining magnetic field (cylindrical solenoid)

•
No damage and no maintenance of the critical central post

•
Easy access to a cylindrical reactor chamber

"Open" structure of the magnetic field:

•
Magnetic well inside the plasma ~1

•
Confinement system with two "ends"  easy refueling/exhausting of plasma

•
Emerging field lines ease the control of the electric potential within the plasma.
A simply connected configuration is also more suitable for channeling particle jets and transforming fusion power into propulsive power (for space thrusters)
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From University of Washington Star Thrust Experiment (STX) web page
D-3He fusion reactions more suitable than D-T for space thrusters:

Yield mainly charged fusion products (thrust) and reduce shield mass (weight)

However T and nE both ≈5 times larger for D-3He than for D-T

Fusion power density: 
2B4 



maximize  or B

Lawson criterion:
 
nTE~/ {L2B2}

maximize  or B
•
Weight of coils and cyclotron radiation forbid the maximization of B for space thrusters.

•
High ≈O(1) is mandatory to minimize B, at given thermal diffusivity  and system size L

Compact Tori are attractive candidates for magnetic fusion propulsion, but…

•
Spheromaks are limited by ideal MHD stability to ≈0.15

•
FRC's are ≈1, but theoretical understanding of their macroscopic stability remains elusive

Find a model for a stable force-free magnetic field:

•
Minimize (over all domains of given volume) the magnetic energy

•
Given nonzero magnetic helicity

Tentative result: extreme "apple", in which north and south pole have been pressed together
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J. Cantarella et al., J. Math. Phys. 41 (2000) 5615
Right topology of Spheromak, but needs a surrounding stabilizing plasma, providing

•
A narrow current channel inside the hole, able to stabilize the spherical plasma at high 
•
Divertor-like magnetic structures on top/bottom in order to allow for
 direct thrust & direct energy conversion of escaping charged fusion products

A simply connected magnetic confinement scheme with such characteristics is obtained superposing two axisymmetric homogeneous force-free fields, both having B=B, with the same relaxation parameter =0j•B/B2=14.066... in unitary sphere

Chandrasekhar-Kendall

Force-free fields 

Furth square-toroids
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Coincidence of zero of [image: image6.png]


 and of [image: image7.png]


 fixes  =x1,4/2x1,3=2.026...

So that at R=0, Z=x1,3/x1,4=0.775... the zeroes coincide

The superposition of the two force-free fields is: (r,)=1CK +F
For ≥0.402... in a simply connected region the toroidal current density j has the same sign:

Chandrasekhar-Kendall-Furth force-free field (CKF)
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CKF force-free-fields (p=0) contain a magnetic separatrix with ordinary X-points (B≠0)

A main spherical torus (ST), 2 secondary tori (SC) and a surrounding discharge (P)
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Two degenerate X-points (B=0) are present (top/bottom) on the symmetry axis
However CKF force-free fields (p=0) are unable to confine plasmas of fusion interest

Unrelaxed (≠0, p≠0) MHD free boundary equilibria, similar to CKF force-free fields

[image: image10.png]0.8

(m)

<Py =102%

Spherical
Torus

4,,72.0
o =11

Secondary
Torus
4y 1.2
qp =L1
Surrounding
Discharge
=56
gfz 32

i
W=I 25 = e
constant at the plasma cdge

Main parameters of equilibrium:

I 1 = toroidal curentin ST
2 poloidal current in P
determines ¢, at ST cdee

AL =14066+ (1~ i)
normalized jump of u between
cdoe of P and axis of ST
given the value of T_/1
determines ¢ af 5T axis




Same edge shape  same total toroidal current ICKF

Boozer coordinates (T, , ; √g1/B2) for =1, IST/Ie=3
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Equatorial profiles of: pressure p; relaxation parameter ; toroidal current density j; ST safety factor q

If current flow is sustained in surrounding discharge, magnetic helicity is injected into the ST (X-points), flowing down : p concentrated in same region

Scan at fixed shape of the plasma edge (& fixed ICKF)

Unrelaxed CKF equilibria in terms of  (IST/Ie, [image: image12.wmf])
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Ideal MHD stability of unrelaxed CKF equilibria analyzed by a new code*, in Boozer coordinates
*
Validated upon the analytic Solovev equilibria

Eigenvalue problem W•=2K•,

W potential:plasma+vacuum, K kinetic perturbed energy

 displacement:
normal •T
binormal •(-/q)tangential√g•
The code contains a number of innovative features:

•
Ordering of T accounts for multiple magnetic axes
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•
Presence of plasma on the symmetry axis
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R=0:[image: image16.wmf]
[image: image17.wmf]
([image: image18.wmf]divergences)

R≠0:
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[image: image20.wmf] 
(fixed-boundary)



New variables: •T/R2,•(-/q)/B

•
2D finite element method for the vacuum energy

[image: image21.wmf]
Can account for conducting shells of any shape
•
Boozer coordinates joined at interfaces

[image: image22.wmf]
• Global modes: ideal MHD conditions at separatrix
Normal displacement: 
•T/R2 

continuous

Other jump:


•(-/q)/B
√g•
Inside Tori:



  

=l  l (T) sin(ml-n),
=l  l (T) cos(ml-n), 
=l  l(T) cos(ml-n)
Surrounding coupled mode:
 =l  l (T) sin(ml 3-n),
=l  l (T) cos(ml 3-n), 
=l  l (T) cos(ml 3-n)

• MHD modes limited to the surrounding plasma

Modes that have zero radial displacement 

at the magnetic separatrix:  (TX,,)=0

This condition decouples them from tori

Are anyhow free-boundary modes:  (Tmax,,)≠0

•
Boozer coordinates in surrounding discharge
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Inside Tori:
=l  l (T) sin(ml-n),
=l  l (T) cos(ml-n), 

=l  l (T) cos(ml-n)
Ideal MHD Stability Results (wall at ∞) 
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Stability at =1

in absence of any conducting shell around the plasma

Arrow plots of global unstable modes at 

=1,
 IST/Ie=5
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
At low q0ST tilt of the surrounding plasma

At high q0ST fixed boundary instability of ST

Arrow plots of stable oscillations on resonant q at 

=1,
 IST/Ie=5
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Oscillations on: 
surrounding discharge (P)

spherical torus (ST)

secondary tori (SC)
Instabilities limited to the surrounding discharge at

=0 & 1/3,
 IST/Ie=1
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Kink of central column: too large ratio Ie /IST

Comparison of D-T & D-3He burners

•
Given , the current IST required for achieving a burning temperature <TST>

is derived as a function of the ST major radius RST

•
Confinement enhanced over L-mode scaling by a factor H=2

•
Look for minimum size:

	Reaction
	RST (m)
	<TST>(keV)
	IST, Ie (MA)
	
	Bcoils (T)
	Pneutrons, Pcharged (MW)

	D-T
	1.09
	12
	17.5, 2.7
	0.99
	2.4
	468, 117

	D-3He
	1.54
	70
	95, 14.4
	0.27
	9.2
	35, 467


Minimum size of D-T burners limited by neutron wall loading

Minimum size of D-3He burners limited by Bcoils at the PF coils
Electrode breakdown of the plasma: screw pinch, then inductive formation of CKF

[image: image28.wmf]
•
Current density injected by electrodes to start-up a burner in D-T: je=0.8 MA/m2
•
Current density injected by electrodes to start-up a burner in D-3He: je=2.2 MA/m2
Method for injecting plasma current (or torque) in an unrelaxed CKF ?

CKF burners 

•
Large Larmor radii of charged fusion products

•
Large variation of the magnetic field strength 

[image: image29.wmf]
· Charged fusion products lost through the separatrix, to the degenerate X-points (B=0)

· D-T burner: ~75% of -particles from outermost 15% of minor radius promptly lost

Direct energy conversion and use as a space thruster

Different orbits of co- and the counter-circulating fusion products 

on inboard and on outboard of the surrounding discharge

[image: image30.wmf] 

Preferential escape at opposite ends of CKF:
· Mechanical torque & current density jcharged inside the surrounding discharge

· jcharged such as to reinforce the pre-existing equilibrium current density

(at least at the two ends of the configuration)

CONCLUSIONS:

An experiment to begin with CKF configurations: PROTO-SPHERA 

PROTO-SPHERA (Ie=60 kA, IST=240 kA): unrelaxed CKF configuration with

•
Force-free screw pinch, fed by electrodes, replaces (in part) the surrounding discharge

•
"Divertor" poloidal field coils replace the secondary tori

[image: image31.wmf]
PROTO-SPHERA could try the inductive formation of an unrelaxed (CKF) configuration
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Electrode current


Ie=60 kA

Spherical torus current

IST=240 kA

Spherical torus diameter

Rsph=0.7 m
PAGE  
24
[image: image35.wmf] International Congress on Plasma Physics, Sydney, July 15-19, 2002 

[image: image33.wmf][image: image34.wmf][image: image35.wmf][image: image36.wmf][image: image37.wmf][image: image38.wmf][image: image39.wmf]