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PROTO-SPHERA

· Spherical Torus, but Screw Pinch plasma substitutes central conductor 

· Force-free Screw Pinch fed by two electrodes

[image: image1.wmf]
"Bumpy Z-Pinch"  or  "Flux-Core Spheromak"

 [Jensen and Chu, J. Pl. Phys., '81], [Turner, Phys. Fl., '84], [J.B.Taylor, NF, '89]

Preliminary experiment of an unrelaxed CKF configuration
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Screw pinch replaces the innermost part of the surrounding discharge

Poloidal field "divertor" coils replace the secondary tori
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PROTO-SPHERA

parameters
· ST with diameter

2Rsph=0.7 m (…START)
· Toroidal ST current

Ip=120-240 kA (…START)
· Longitudinal SP current

Ie=60 kA

In PROTO-SPHERA resistive MHD instabilities are required
to inject magnetic helicity from the screw pinch into the spherical torus, 

but the combined configuration must be stable in ideal MHD 

New ideal MHD stability codes*, built in collaboration with

François Rogier (ONERA de Toulouse, France)

*
Validated upon the well-known stability results of analytic Solovev equilibria with fixed and free boundary conditions in presence of a vacuum region surrounding the plasma

The codes contain a number of new features:

•
Boozer coordinates on open field lines are defined and joined to the closed field lines Boozer coordinates at the spherical torus-screw pinch (ST-SP) interface
•
Boundary conditions at the ST-SP interface

•
Vacuum magnetic energy in presence of multiple plasma boundaries

•
2D finite element method for accounting the perturbed vacuum energy

•
Presence of plasma on the symmetry axis

MAGNETIC COORDINATES WITH OPEN FIELD LINES
Ideal MHD stability code treats configurations with closed and open field lines
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Combined equilibrium calculation

Boozer coordinates joined at the separatrix (SP-ST interface)

Boozer coordinates (T, , )

(T radial, poloidal, toroidal≠ G geometric)
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T=tor.flux/2 in ST, 
[image: image7.wmf](T)=rot.transf.

Jacobian 
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• 
Spherical Torus (ST), closed lines

•
Screw Pinch (SP), open lines 

ENERGY PRINCIPLE

STABLE code: displacement [image: image11.png]


 : normal , binormal and parallel 
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Fourier expansion of displacement [image: image20.png]




[image: image21.wmf]


nl=n is a pure toroidal number
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     
up/down symmetry
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

ml is a spectrum of poloidal harmonics

Boundary conditions at ST-SP interface in ideal MHD:

1)
Constraint of continuous normal displacement 
2)
Tangential displacements jump (no constraint)

How to calculate Boozer coordinates (T, , ) inside the screw pinch

=poloidal flux known from combined equilibrium calculation

•
Length parameter s on open field lines: s=0 on lower electrode,

s=seq on equator and s=s0 where the poloidal Boozer angle is =0.

Continuous normal displacement 

at ST-SP interface (X):

Continuity of 
[image: image24.wmf],  and  at

ST-SP interface


Fix = on equator of SP
Field lines [image: image25.png]


 ‘correspond’ 

at ST-SP interface:


Continuity at ST-SP interface of rotational transform
[image: image26.wmf]()

Continuous Jacobian at interface:
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
Continuity of I() at ST-SP

interface
Definition of I(), inside the SP:
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regular at =X-SP
Definition of [image: image29.png]


(),  inside the SP:

[image: image30.png]



denominator diverges at =X

[image: image31.wmf]() goes to zero as 
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in a layer |=X|≈10-5•|max-X|
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On ST side IX and [image: image34.png]


 calculated numerically at =X+ST, with ST≈10-3•|max-X|

On SP side IX and [image: image35.png]


 calculated numerically at =X-SP, with SP≠ST

IX and [image: image36.png]


X fix length s0X-SP), where =0 on the pinch side of the separatrix:
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=0
Force-free screw pinch equilibrium: df/d+[image: image38.png]


()dI/d=0


integro-differential equation for s0() (0≤≤X-SP), solved iteratively with boundary condition s0(X-SP)
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Knowledge of  s0() allows to calculate I(),
[image: image40.wmf](),  and  all over the pinch

Poloidal angle  inside the SP
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Toroidal angle  inside the SP
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Radial coordinate T inside the SP:
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([image: image45.png]TS



<T<[image: image46.png]


)

Coordinates join "smoothly" at ST-SP interface [T=[image: image47.png]TS



;X≤≤2-X]

Radial variable T equi-spaced, but two different steps in ST and in SP

1D Hybrid Finite Element Method for

l(T), l(T), l(T) and lT
Normal mode equation 
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potential 
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kinetic K
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2 eigenvalue ,
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Perturbed vacuum magnetic energy

Using the perturbed scalar magnetic potential , the vacuum contribution is expressed as an integral over the plasma surface:  
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Perturbed vacuum magnetic energy with multiple plasma surfaces
The vacuum contribution is present on three plasma surfaces:
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In vacuum the 2D scalar potentials
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 EMBED Equation.2  [image: image64.wmf] ,
on all the three 
[image: image65.wmf] surfaces 

G (geometrical-Boozer) azimuth 
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Vacuum energy of [image: image67.png]


 decoupled: [image: image68.png]2w mmny — ) £t~ R ]
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 solved in small vacuum region 
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)=l([image: image74.png]Y



) 

Two vacuum energy contributions [image: image75.png]225 m, g, — R v
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 solved in the large vacuum region on a single surface with parameter u
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2D finite element method to solve the equation for the perturbed scalar potential
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THE PROBLEM OF THE SYMMETRY AXIS (R=0)


[image: image83.wmf] inadequate for plasmas at R=0
1)

[image: image84.wmf] like 
[image: image85.wmf] on symmetry axis, so 0 to avoid divergences
2)
degenerate X-point (B=0) on R=0 prescribes:

(
[image: image86.wmf])≈r1/2+, so also 0 to avoid divergences

1)
=0 at the symmetry axis T=[image: image87.png]


 easy to impose, but questionable!
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after degenerate X-point, T=[image: image89.png]


 does'nt coincide with symmetry axis 


=0 at T=[image: image90.png]


 impossible to impose, as no (/T) in energy principle
SOLUTION OF THE R=0 PROBLEM (STABLEC code)
Only way to solve the symmetry axis problem is a change of variables:
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[image: image92.wmf]


In terms of the new variables (
[image: image93.wmf],
[image: image94.wmf],) the perturbed displacement 
[image: image95.wmf] becomes:
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All the divergences on the symmetry axis are avoided

Prices to pay:

•
expression of the perturbed potential energy Wp much more complicated

•
slower convergence of 2 by varying range of poloidal numbers [mmin,mmax]

Stability Results for PROTO-SPHERA
•
Formation sequence of PROTO-SPHERA:


ST toroidal current Ip = 30240 kA, i.e. Ip/Ie = 0.54, A=R/a= 1.81.2
•
Three value of ST 20<P>Vol/<B2>Vol considered: 10%, 20% and 30%

•
At ≈10% PROTO-SPHERA stable up to:

Ip/Ie=4 (Ip=240 kA), A=1.2 if (
[image: image97.wmf])=0 is imposed in STABLE code
Ip/Ie=2 (Ip=120 kA), A=1.3 if (
[image: image98.wmf])≠0 (with both STABLE & STABLEC)
•
At ≈20% PROTO-SPHERA stable up to:

Ip/Ie=3 (Ip=180 kA), A=1.25 if (
[image: image99.wmf])=0 is imposed in STABLE code

Ip/Ie=2 (Ip=120 kA), A=1.3 if (
[image: image100.wmf])≠0 (with both STABLE & STABLEC)

•
At ≈30% PROTO-SPHERA stable only up to:

Ip/Ie=1 (Ip=60 kA), A=1.5,  but at high Ip the ST alone is fixed-boundary unstable

PROTO-SPHERA (Ip=120 kA, Ie=60 kA, ≈20%, A=1.3)

toroidal number n=1, poloidal harmonics m [-5,10]
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(
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(
[image: image103.wmf])≠0

Stable oscillatory motions on resonant q surfaces
PROTO-SPHERA (Ip=180 kA, Ie=60 kA, ≈20%, A=1.25)

toroidal number n=1, poloidal harmonics m [-5,10]
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(
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(
[image: image106.wmf])≠0

Stable motions


Kink of the SP, Tilt of the ST
PROTO-SPHERA (Ip=210 kA, Ie=60 kA, ≈20%, A=1.25)

toroidal number n=1, poloidal harmonics m [-5,10]
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(
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(
[image: image109.wmf])≠0

Kink of the SP,
Tilt of the ST

Comparison with the TS-3 Experiment

TS-3 results extremely important since:
i)
The only experiment with similar formation scheme and without close fitting

shell, that has sustained a "Flux-Core Spheromak" for tens of Alfvén times

ii)
Strong analogies between TS-3 and PROTO-SPHERA, but also differences:

[image: image110.wmf]
PROTO-SPHERA



TS-3

TS-3 (Ip=50 kA, Ie=40 kA, ≈12%, A≈1.7)

toroidal number n=1, poloidal harmonics m [-5,10]
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(
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(
[image: image113.wmf])≠0

Stable oscillatory motions on resonant q surfaces

TS-3 (Ip=100 kA, Ie=40 kA, ≈14%, A≈1.5)

toroidal number n=1, poloidal harmonics m [-5,10]
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(
[image: image115.wmf])=0





(
[image: image116.wmf])≠0

Kink of the SP,
Tilt of the ST

CONCLUSIONS
•
Innovative ideal MHD stability code developed for "Flux-Core Spheromak" 

•
Code has been validated against analytic Solovev equilibria and reproduces satisfactorily the "Flux-Core Spheromak" experimental results of TS-3 

•
More pessimistic (but realistic) results obtained without constraint on R=0 ((
[image: image117.wmf])≠0), in presence of degenerate X-point on symmetry axis

SUMMARY for PROTO-SPHERA

1)
With moderate  (≤20%) in the ST, the Pinch dominates the stability: compression A≥1.3, Ip/Ie≤2

2)
Degenerate X-point on symmetry axis improves stability:                            in TS-3 compression A≈1.6, Ip/Ie ≈1
3)
If (
[image: image118.wmf])=0 in presence of degenerate X-point at R=0 is imposed,      compression A≈1.2, Ip/Ie≈4 (with ≈10% in the ST) are obtainable               upper/lower conducting shells close-fitting the pinch plasma (limiters)
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