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DRAFT OF THE PROPOSAL OF

PROTO-SPHERA

[image: image1.jpg]



(This draft is limited to the physics part, Frascati 23/12/99)

INTRODUCTION

Present magnetic fusion configurations are not simply connected: a central post, containing the inner part of the toroidal magnet and the ohmic transformer, links the plasma torus. The feasibility of simply connected, fusion relevant, magnetic configuration would strongly simplify the design of a fusion reactor.  The PROTO-SPHERA experiment (Spherical Plasma for HElicity Relaxation Assessment), proposed at CR-ENEA Frascati, will be devoted to demonstrate the feasibility of a Spherical Torus (ST) where a Hydrogen plasma arc (a screw pinch fed by electrodes) replaces the central conductor.

The screw pinch plasma will be magnetically shaped as a disk near each electrode, which is therefore conceived as an anulus composed by ≈100 modules (radially pressed). In presence of a hot cathode AC heated to 2200 ˚C, the voltage required at the anode in order to form the screw pinch will be Ve≈100 V, with Hydrogen pressures 1•10-3-1•10-2 mbar. The screw pinch will be formed at a current Ie=8 kA, which guarantees MHD stability, as the safety factor of the pinch will be qPinch≥2. Rising the electrode current up to Ie=60 kA, the screw pinch will become unstable, because qPinch«1. During the instability the poloidal compression coils will be pulsed and the ST will be generated around the screw pinch, following the formation scheme successfully demonstrated by the TS-3 experiment at the University of Tokyo, which has produced a plasma stable for at least 80 s=120 A (120 Alfvén times).


The main goals of the PROTO-SPHERA experiment will be to compress the ST to the lowest possible aspect ratio in a time of about 1500 Alfvén times (1500•A≈400 s) and to show that efficient helicity injection can maintain a stable configuration for at least one resistive time (50 ms).

The magnetic configuration designed for PROTO-SPHERA will provide a sligthly elongated (=b/a≈2.3) spherical plasma with a diameter 2Rsph=75 cm; a longitudinal pinch current Ie=60 kA and an ST (aspect ratio A=R/a≈1.2-1.3) with a toroidal current Ip=120-240 kA, allowing for an edge safety factor q≈2.5-3. A cylindrical vacuum vessel (2.5 m high and 2.0 m in diameter) will contain the load-assembly of PROTO-SPHERA. The anode will be at positive voltage, the compression coils will be floating and the cathode will be at ground, together with the vessel and the remaining load-assembly.


There will be two sets of poloidal field coils in PROTO-SPHERA: (i) the set of coils which shape the screw pinch and whose currents do not vary during the plasma evolution; (ii) the set of coils which compress the ST and whose currents varies during the plasma evolution. As the formation time of the configuration will be 400 s, the coils whose variable currents compress the ST will be shielded inside thin metallic cases (time constant≈200 s). On the other hand the coils with constant current will have to be enclosed inside thick conductors (time constant>2 ms) in order to stabilize the formation phase. All the casings can be connected to the anode or to the cathode potential or can be kept floating.

The screw pinch power supply must be able to deliver Ie=60 kA at Ve=300 V, with a raise time of 400 s and a response time of 5 ms. The constant current poloidal field coils ‘B’ must be able to deliver IB=2 kA at VB=350 V, with a raise time of 0.1 s. The power supply feeding the variable current poloidal field coils ‘A’ must be able to produce IA=1.5 kA with a raise time of 1 ms at VA=30 kV, and thereafter to maintain IA=1.5 kA at VA=3 kV, with a response time of 10 ms.  


The ideal MHD stability for the combined ST+Pinch configurations has been calculated, showing that the final configurations (Ip=120-240 kA, Ie=60 kA) are stable at a volume average toroidal beta ≥32%.  The position of the conducting shells surrounding the plasma does not seem to be critical in this stability result, which is confirmed even with a wall at infinity. 


Before building PROTO-SPHERA the electrodes’ benchmark PROTO-PINCH has been built and operated, with the goal of testing modular units of the cathode and of the anode. PROTO-PINCH has produced, within a Pyrex vacuum vessel, Hydrogen and Helium arcs in the form of screw pinch discharges, stabilized by two poloidal field coils located outside the vacuum. PROTO-PINCH, with an anode-cathode distance of 0.75 m and a stabilizing magnetic field up to B=1.5 kG, has a current capability of Ie=1 kA, (with a safety factor qPinch ≥ 2).

The technical solution for the 6 cm diameter electrodes are: (i) a Cu-W hollow anode, with H2 puffed through it (a feed-back system stabilizes the pressure pH in the vessel) ; (ii) a directly AC heated W-Th(2%) cathode. The cathode filaments are heated up to 2200/2400 ˚C, by a total current Icath=590 A(rms). Pinch discharges have been obtained with B=0.8 kG, Ie=600 A and Ve=70-90 V. The arc discharges have been sustained for 2-5 s, limited by the heating of PF coils and Pyrex vessel. The pinch current has been obtained in filling pressure range pH=1•10-3-1•10-2 mbar. 

Spectroscopic measurements, in the visible light, have shown that the Hydrogen plasma does not show any sign of impurity, not even W from the cathode. Only when Helium plasma discharges were run, the spectroscopic measurements did show a barely perceptible W line (=4009 Å), limited to the lowest filling pressures (pHe=1-2•10-3 mbar). This shows that the tiny amount of W is Helium-plasma sputtered and not emitted from the hot cathode. The extrapolation to the 100 cathode moduli required for PROTO-SPHERA, shows that the cathode will be heated by a total AC current Icath=60 kA(rms) at Vcath<20 V, with a total heating power Pcath=850 kW (for 2 s). The power injected into the screw pinch of  PROTO-SPHERA will be Pe=5 MW.

An exhaustive series of full performance discharges has shown the endurance (hundreds of shots) of the electrodes to current and power densities equal to those required in PROTO-SPHERA.
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The tokamak concept has come very close to achieving controlled thermonuclear fusion break-even conditions

A number of proposed next generation experimental devices could provide a burning plasma

However, the tokamak is very large, complex, and expensive. Even improved tokamaks may not overcome the shortcomings of low power density, high complexity, large unit size, and high development cost
It is therefore important to develop alternatives to conventional tokamaks with designs optimized for simplicity, small size, and low cost

Several alternatives have been proposed with various tradeoffs between ultimate attractiveness and present feasibility
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SPHEROMAKS

The spheromak is a compact magnetofluid configuration of simple geometry with attractive reactor attributes, including no material center post, high engineering beta, and sustained steady-state operation through helicity injection

[image: image3.wmf]
Spheromaks are formed by the self-organization of naturally occurring MHD instabilities 

Magnetic helicity (linked magnetic fluxes) plays an important role in forming and sustaining spheromaks

An initial configuration with sufficient helicity and energy will spontaneously relax to a spheromak given appropriate boundary conditions

A magnetized coaxial plasma guns creates a spheromak

[image: image4.wmf]
In the past exploratory scale device CTX (Los Alamos National Laboratory) central Te=400 eV and average ≈5% were obtained with about a 2 T magnetic field

SSX (Swarthmore - reconnection)

Caltech Helicity Experiment (L.A. - spheromak formation)

FACT/HIST (Himedji Institute of Technology)

MRX (Princeton - magnetic reconnections) 

TS-3 and TS-4 (University of Tokyo - reconnections)

SPHEX (UMIST, Manchester)

Schematic of the new SSPX spheromak experiment at Livermore
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FRC’s

A field-reversed configuration (FRC) is a compact toroidal plasma with negligible toroidal magnetic field

It is usually fairly elongated, contained in a solenoidal magnetic field, and possesses a simple, unobstructed divertor

The plasma beta is close to unity, and an FRC is thus both extremely compact and geometrically simple

The coil and divertor geometry are the simplest of any configuration

[image: image6.wmf]
Typical densities of ne≈5•1021 m-3, nE≈1018 m–3·s  and the highest average  of 50% to 80% have been achieved in FRCs with major radii of 15 cm at several 100-eV temperatures

The FRCs have been formed with high plasma pressures in theta-pinch devices: outside a quartz vessel the theta-pinch coils are pulsed to 1 T in a few s

After the formation inside a theta-pinch coil the FRC is translated, expanded (lowering the electron density by 100) inside a metallic vessel and then stopped by a mirror field

FIX (Osaka)
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BN (Triniti), FIX (Osaka), NUCTE-3 (Nihon University)

LSX, STX and TCS (University of Washington)

The slow formation of an FRC, using two merging spheromaks with opposing helicities on spheromak merging facilities

TS-3
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[image: image10.wmf]
TS-3 and TS-4 (Tokyo)

MRX (Princeton)

SSX (Swarthmore) 

FRC’s decay without an external current drive on submillisecond L/R time scale 

A promising approach for FRC sustainement is application of the rotating magnetic field, using large antennas

A partially ionized spherical partially ionized FRC discharge has been produced and sustained for 40 ms by (RMF) in the Rotamak device (Flinders University, Australia).
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Short History of Spherical Tori

Spherical Torus (ST) proposed in 1986 by Martin Peng

(Oak Rigde National Laboratory, USA)
[image: image12.wmf]
First University experiments ‘87-’90 (Heidelberg-HSE, Sidney-Rotamak, Manchester-SPHEX, Tokyo-FBX II) from modified Spheromaks
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From ‘91 still University experiments (Tokyo-TS3, Wisconsin-MEDUSA, Seattle-HIT), but also

National Laboratories (START Culham, CDX-U Princeton)

[image: image14.png]



START (Culham):  ne≈1020 m-3, Te0≈500 eV, tpulse~40 ms

[image: image15.png]



Spherical Tori with MA plasma current now in operation


[image: image16.wmf]
a)
visible light image of a 300 kA discharges in MAST

b)
fast camera image of 500 kA ohmic discharge in NSTX

· same for helicity injection startup in NSTX 

NSTX has achieved 1 MA in December 1999
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R
= 0.7 m


R
= 0.85 m




a
= 0.5 m


a
= 0.68 m





≤ 2




≥ 2




BT
≤ 0.6 T


BT
≥ 0.3 T




Ip
≤ 2 MA


Ip
≤ 2 MA




tPlasma≤ 2 s


tPlasma≤ 5 s




Padd
= 6.5 MW

Padd
= 12 MW

CHARACTERISTICS OF SPHERICAL TORI

A=R/a>2.5



A=R/a<1.5
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Conventional Tokamak
Spherical Torus
· In an ST the magnetic field has a characteristic structure: the lines of force wind mostly in the inboard of the torus, where the average negative curvature is favorable for the MHD stability and the geodesic curvature is null (favorable for transport)

· In an ST plasma cross-sections with elongations up to = 3 have intrinsic vertical stability

· In an ST the poloidal field Bpol is comparable to the toroidal field BT, whereas in a Tokamak Bpol « BT
High toroidal plasma current Ip with low toroidal field BT with very simple windings, compared to conventional Tokamaks

[image: image19.wmf]
• Higher MHD stability and high average total beta values: 

T=20<p>Vol/B T 2(T=40% with axis=70% on START)
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The total value in magnetic confinement expresses how a plasma can be well confined in an apparatus of reduced size and cost (ideal aim  ~ 1)

The poloidal beta value pol=20<p>Vol/Bpol2 marks the distance of the configuration from a force free-state ( jB =0).

In an ST
( Bpol ~ BT  )
~1
 pol ~1
A high  (40%) plasmain an ST is much nearer to a force-free configuration than a low  (4%) plasma in a Tokamak

START has exhibited relatively high energy confinement times and density limits with H-mode in NBI X-point discharges
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THE ULART

Other reasons push towards the Ultra Low Aspect Ratio Torus (ULART, A ≤ 1.3), if a future reactor is envisaged:

•
the critical central conductor cannot be shielded

•
it is bombarded by neutrons (cannot be a superconductor)

•
it can require too much ohmic dissipation

•
it should be periodically replaced

The ULART (A < 1.3) reduces the ratio between the current in the central conductor Itf and the toroidal plasma current Ip

[image: image23.wmf]
Itf/Ip = 2 q(A-1)2 / (2 2) 

With toroidal winding number q~3 at the edge, an ULART with A~1.2 and elongation ~2.3, could achieve Itf/Ip~0.10

But the ULART does not leave enough space for an ohmic transformer and requires noninductive current drive 

AIM OF PROTO-SPHERA

· ULART, with central rod replaced by a plasma

· Force-free screw pinch fed by two electrodes

[image: image24.wmf]

"Bumpy Z-Pinch"       or      "Flux-Core Spheromak"

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

TOROIDAL PLASMA FORMATION

The Spherical Torus is obtained by destabilizing the screw pinch through an increase of the longitudinal arc current, as demonstrated on the TS-3 experiment (University of Tokyo)

Screw pinch with longitudinal field BZ and ‘toroidal’ field B Pinch winding number qPinch = 2 Pinch BZ/ LPinch B
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The nonlinear phase of the kink instability

converts toroidal flux into poloidal flux 

TS-3 EXPERIMENT

AT UNIVERSITY OF TOKYO

· Toroidal plasma obtained by kink destabilization of a screw pinch discharge [Amemiya, Morita, Katsurai, JPSJ, '93]:

· arc breakdown between plasma guns electrodes

· arc current pushed up to nonlinear kink instability

[image: image26.wmf]

Formation: n = 1 kink mode, converting flux

[image: image27.wmf]
· Compressed configuration has lasted for 20 sec, i.e. 30A (thirty Alfvén times), before tilt instability

· Sustainement of PROTO-SPHERA

(Physical scheme of DC helicity injection)
• The plasma with open field lines (intersecting electrodes) has  ~ 0 , therefore  j || B
• Because of the "rotational transform " of open field lines, the current between the electrodes also winds in the toroidal direction near the closed magnetic flux surfaces

• Resistive MHD instabilities convert, through magnetic reconnections, open current/field lines into closed current/field lines winding on the closed magnetic flux surfaces

• Magnetic reconnections necessarily break, through helical perturbations, the axial symmetry, as per Cowling’s anti-dynamo theorem
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MAGNETIC HELICITY

In a perfectly conducting plasma (resistivity 0):

A/t = vB + , where  is an arbitrary gauge.
The parallel component of A satisfies the magnetic differential equation:

B•= B•A/t

To make single valued it is necessary that 


[image: image29.wmf]   and

[image: image30.wmf] 
are zero upon any closed field line and upon any magnetic surface, respectively.

So, for every flux tube labeled by constant values of the two variables (),

K() = A•B dV  is an invariant
Minimizing the magnetic energy

W=(1/20) (A)2 dV with the constraint that K=constant the Euler's equation of motion is obtained 

B = () B  ;    B•= 0

which describes a force-free magnetic field.

The Magnetic Helicity is a measure of how much the lines of force are interlinked, kinked or twisted

•
Two single linked flux tubes, with fluxes 1 and 2:

[image: image31.wmf] K=2 1 2
•
Torus with magnetic surfaces and rotational transform [image: image32.png]


= [image: image33.png]


T = 1/q:

[image: image34.wmf]
K = A•B dV = p dTTdp[image: image35.png]


TdT
If the lines of force are uniformely wound all over the torus with twist [image: image36.png]


=T = constant : K = T 2
Magnetic Helicity and Reconnection

In presence of finite resistivity (≠0) magnetic reconnections redistribute of A•B over the plasma volume

A number of integral quantities are preserved by the magnetic reconnections
K= A•B) dV      ,

where = qsT-p = helicoidal flux of the resonant surface upon which the magnetic reconnection occurs.

However the Taylor invariant

K0=A•B) dV 
is the only invariant common to all winding numbers and so to all resonant surfaces

It provides the Euler's equation:

B = B     , with = constant all over the plasma.

The solutions to this equation are called Relaxed States

and  is called relaxation parameter 

Compare the decay time of the magnetic energy and the decay time of the Taylor Helicity:

dW/dt = - j2 dV         dK0/dt = - 2 j•B dV

As tearing mode width k -1/2 :

dW/dt = O (1)

dK0/dt = O (1/2)  

Helicity dissipation is then 1/2 less strong than the magnetic energy dissipation 

Relative Magnetic Helicity
Relative Magnetic Helicity replaces Magnetic Helicity for a domain whose boundary is not a magnetic surface, due to the requirement of gauge invariance

Relative Helicity in the case of two simply connected regions Va and Vb, separated by a surface S:

[image: image37.wmf]
Ba and Ba' two fields satisfying the boundary conditions and differing only in Va: 
B = (Ba, Bb);
 B' = (Ba', Bb) 

K = Va+Vb A•B) dV - Va+Vb A'•B') dV

is independent of the field in Vb.
It is then possible to define a relative Helicity K in Va
K = Va A•B) dV - Va A'•B') dV

A particularly simple choice is the vacuum potential field in Va , Ba' = BV, which is assigned zero helicity, therefore:

K = VaA+AV)•(B-BV) dV

DC Helicity Injection

Dynamics of the Relative Helicity in a nonaxisymmetric domain, (n points outside the domain):

d(K)/dt = - 2EB•n dS - 2AA/t•n dS - 2 (E•B) dV 

•
-2 E B•n dS represents the DC helicity injection
E is the electrostatic potential on the boundary

•
- 2 A/t•n dS represents the AC helicity injection includes the inductive helicity injection (ohmic drive)

2VloopT (Vloop=loop voltage, T=toroidal flux)

•
- 2  (E•B) dV represents the total helicity dissipation
DC Helicity Injection obtained by driving current along the lines of force which cross the boundary of the domain

Electrodes where B•n0; electrodes must be electrically insulated from the rest of the boundary, upon which B•n=0

[image: image38.wmf]
 « 1  j || B  
The Injection rate is

|dK/dt| = 2Ve
where e = 0.5 B•n|
To inject dK/dt > 0:

e < 0, where B•n dS > 0; 

e > 0, where B•n dS < 0. 

The total current Ie trough the electrodes is Ie = e for a relaxed state with 

= j•B / B = constant 

DC Helicity Injection demonstrated on HIT Spherical Torus (Washington University, Seattle)

A coaxial helicity injector applies Vinj ~ 0.5 kV between the (insulated) outboard and the inboard of the vacuum vessel injects into the lower divertor ‘private region’ Iinj ~ 20 kA
The injected current is transformed into a toroidal current Ip~150-200 kA in the ST (which is sustained for ≥20 ms)

[image: image39.wmf]
Loop voltage equivalent to the DC helicity injection can be defined as  Veff = Vinj p inj/T ULART
 p inj poloidal magnetic flux in private region

T ULART  toroidal magnetic flux inside Spherical torus

An energy efficiency of DC helicity injection

=IpVeff /IinjVinj≈0.25 has been measured on HIT

PROTO-SPHERA and Relaxed States 

Relaxed states B=B, with =constantenclosed within a perfectly conducting portion of a sphere, with radius Rsph

For
Rsph < 4.49 a plasma current flows into the hole ≤Pinch of the Spherical Torus (ideal MHD stable)

For
Rsph = 4.49 Spheromak (analogous to Hill’s vortex)

For
Rsph > 4.49 a plasma current flows around the Spherical Torus (ideal MHD unstable)

[image: image40.wmf]
· Compression (at j=constant) of the open field line plasma reduces electrode power dissipation Pe≈Pinch2 

· But very near the transition around Rsph=4.49 the electrode impedance goes to infinity as (1/Pinch)4
· Rsph=4.49 ideal MHD stability boundary:

Spheromak toroidal winding number q≈[0.6,0.9]

Compress ULART to Rsph4.49, increasing value

but stay with Rsph≈4.2<4.49 ( so that qaxis≈1, q≈3)

COMPRESSION EXPERIMENT OF TS-3

Waveforms:

electrode current Ie & compression coil current ICMP
[image: image41.wmf]
If the ULART of TS-3 is modeled as an oblate flux-core Spheromak its relaxation parameter approaches Rsph =4.49

[image: image42.wmf]
PROTO-SPHERA and Helicity Diffusion

Pinch will be a relaxed state: Pinch(pPinch) =constant, but ULART will be a quasi relaxed state: ULART=(pULART)

A guess can be found from the expressions for the magnetic energy and the relative Helicity in fully relaxed states,

d(W)/d(K) = /20
which shows that:
The Helicity flows from higher to lower values:
a Helicity transfer from a flux tube with larger to a flux tube with smaller lowers the overall magnetic energy of the two flux tubes PinchULART
Control of the ratio PinchULART
• To control the Helicity flow toward the axis

• To avoid the complete relaxation of the system

How does the Helicity Injected from the boundary =edge diffuse toward the center of the plasma =axis?

Fluctuation-averaged Ohm's law for the Helicity diffusion:

E + vB = j - (B /B2) •( ( j•B /B2))

is a 'viscous' coefficient, which prevents the current to change over scales shorter than 2= /(B2)
 for a fully relaxed state

With this Ohm's law there is an additional Helicity flux:

Q= - ( j•B /B2) = - 
Therefore the dynamics of the Relative Helicity becomes:

d(K)/dt =-[-(j•B /B2)+2EB+AA/t]• ndS-2j•B dV
SPHEX experiment at UMIST (Manchester)

has explored  in a flux-core spheromak

[image: image43.wmf]
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PROTO-SPHERA equilibria have been calculated assumingPinchULART, with values of the ratio 

2.4 <PinchULART < 3.3

similar ratios have been observed in TS-3 and in SPHEX

In PROTO-SPHERA (Rsph=0.35 m) the structure of the fields has been designed in order to be as far as possible from the Spheromak solution

Rsph≤4.2 ( so that qaxis≈1, q≈2.5-3)

[image: image45.wmf]
DYNAMO & CONFINEMENT ISSUES

In a plasma the magnetic helicity is not conserved exactly, but is only dissipated at a lower rate  than energy

It is necessary to produce plasma pulses that are longer than the resistive time R=0a2/
The relaxation process involves magnetic reconnections consistent with helicity conservation:
· A configuration that initially has zero toroidal current  relaxes to a state with a finite toroidal current; the effective electric field  driving this current is a dynamo field and results from the non-linear interaction of fluctuating velocity and magnetic field

· Dimensionless Lundquist number S=R/A is the most relevant parameter in resistive MHD instabilities

Nonaxisymmetric magnetic fluctuations tend to degrade confinement


How much dynamo compatible with confinement?

Main differences with TS-3:

· PROTO-SPHERA has larger plasma elongation ≈2.3 in order to get to qaxis≈1, q≈2.5-3

· PROTO-SPHERA aims at sustaining the configuration for more than R=0a2/ (one resistive time), when TS-3 achieved ≤30•A (thirty Alfvén times; A=Raxis/vA)

· PROTO-SPHERA aims at obtaining a dimensionless Lundquist number S=R/A≈1•105, whereas TS-3 flux-core spheromak experiments had S=R/A≈700

· Electrodes around a disk shaped plasma

COMPARISON WITH TS-3


   TS-3


PROTO-SPHERA
[image: image46.png]



Ie = 40 kA

Pinch current

Ie = 60 kA


Ip = 50 kA

ST current

Ip = 240 kA
A = 1.6


Aspect Ratio

A ≤ 1.3

pulse = 80 s

Pulse duration

pulse ≥ 50 ms
≈ 120 Alfvén





≈ 1resistive
To contain the power Pe injected through the electrodes, minimize damages and impurity influx:

disk shaped plasmas near the electrodes in the internal divertor regions

Electrodes: most unconventional item

[image: image47.png]DIRECTLY
HEATED (AC)
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Modular electrodes (100 moduli) composed by a large number of elementary tubes and wires (≈500)

Made of refractory metal (directly heated cathodes and hollow anodes), pressed radially in a disk

CURRENT DENSITY IS THE MAIN CONSTRAINT

· At the plasma-cathode interface: Maximum current density experimentally demonstrated on the cathode cross section je=Ie/(2RelZ)≤100 A/cm2
· Within the poloidal field coils: dT/dt≤2 ˚C/sec in order to allow for water cooled/high duty cycle coils

 maximum current density jPF≤2 kA/cm2 

PROTO-SPHERA parameters:

· ST with diameter 2Rsph=0.7 m (…START)
· Toroidal ST current Ip=120-240 kA (…START)
· Longitudinal Screw Pinch current Ie=60 kA

[image: image48.wmf]
Poloidal FIELD Coils

set 'B' to shape the Screw Pinch - fixed current

set 'A' to compress the Torus - variable current
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· Compression coils of set 'A' (wound with concentrated turn jumps) inside a thin metallic case  (1.5 mm Inconel: time constant ≈ 200 s)

· Fixed current coils of the set 'B' (pancake wound) inside a thick metal case (time constant >2 ms) to stabilize theformation of the plasma (10 mm SS or 6 mm W-Cu)

PLASMA FORMATION

Hot cathode breakdown: Ve≈100 V, nH2≈10-3-10-2 mbar

Screw pinch: Ie≤8 kA, qPinch≥2IPinch=3 kA,
Pinch=2.6 m-1, only PF coils 'B' carry current
[image: image50.wmf]
Pushing the pinch current to Ie = 60 kA (Pinch ≈18 m-1)

· Screw pinch unstable  (qPinch<2) forms ST, as in TS-3

· Field of coils ‘B’ (far from the electrodes) same as in TS-3, where ULART formation was 100% successful 

TS-3



PROTO-SPHERA

[image: image51.png]



Predictive Equilibrium Code for the

coupled configuration ULART+Pinch

•
Free boundary; spherical co-ordinates


(r=radius, =colatitude, =azimuth)

•
Scalar flux function 
[image: image52.wmf] admits decomposition:








  & 


    order n

internal & external Spherical Multipolar Moments 






spherical harmonics




index-1, order-n Legendre polynomials

•
Grad-Shafranov equation solved with assumptions:


i)
Force-free screw pinch with p() & f() 



continuous at the ST-Pinch interface



 j may have jumps at the interface


ii)
ULART-pinch interface defined by the 




separatrix (with non-orthogonal field lines!)


iii)
j≠0 only within the separatrix for the ST



j≠0 within the electrode radius Rel for the pinch

 
iv)
Ip inside the ST is an input,





 inside the pinch is an output

•
Example of input parameters for PROTO-SPHERA:

- 
Ie = 60 kA, that means BT0 = 0.08 T at R = 0.15 m 

- 
Ip = 240 kA    (Ie/Ip = 0.25) 

- 
p() = pe = constant and f2() = Ie2(2/x2) 







inside force-free pinch
•
p() pe + Cp(x)1.1 & f2() Ie2+ Cf(x)1.1  






inside the ST
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- 
p = 2 <p> ( dl )2 / (0 Ip2), has the value p=0.15; 


the two inputs Ip and p determine Cp and Cf
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COMPARISON OF EQUILIBRIUM with TS-3

•
Different geometry of PF coils in PROTO-SPHERA 
should produce different magnetic configuration


Disk shape of the plasma near the electrodes stabilizes rigid shift/tilt modes


Also the q profile is different: TS-3 was probably
characterized by a q ~ 1 value all over the plasma, 
whereas 
PROTO-SPHERA aims at a q95 ~ 3



TS-3 (*)


PROTO-SPHERA

(* same assumptions on profiles)

[image: image56.png]



Ip= 30 kA (= Ie/2), IPinch = 169 kA, R/a= 1.80,

b/a= 2.15, q95= 3.4; paramagnetic effect BT/BT0= 1.20

PinchRsph=6
ULART Rsph>Vol≈2.45(with Rsph=0.35 m)
[image: image57.wmf]
Ip= 60 kA (= Ie), IPinch = 225 kA, R/a= 1.51,

b/a= 2.09, q95= 3.0; paramagnetic effect BT/BT0= 1.47

PinchRsph=8
ULART Rsph>Vol≈3.15(with Rsph=0.35 m)
[image: image58.wmf]

Ip= 120 kA (= 2Ie), IPinch= 283 kA, R/a= 1.32,

b/a= 2.13, q95= 2.7; paramagnetic effect BT/BT0= 2.1

PinchRsph=10.5ULART Rsph>Vol≈3.85(with Rsph=0.35 m)
[image: image59.wmf]

Ip= 240 kA (= 4Ie), IPinch =346 kA, R/a= 1.21,

b/a= 2.35, q95= 2.9; paramagnetic effect BT/BT0= 3.1

PinchRsph=14
ULART Rsph>Vol≈4.2(with Rsph=0.35 m)
[image: image60.wmf]

PERFORMANCES AT Ip=240 kA

Given:=2.35, Spol=0.12 m2, Vp=0.12 m3, M=1 (H2), 

R=0.18 m, a=0.15 m, <j>=Ip/Spol=2.0 MA/m2, q=3.0
Raxis=0.21 m, Baxis≈1800 G (paramagnetism=3.1)

At the X points, Pinch=0.074 m, BPinch≈1600 G 
•
Greenwald density limit

<nG>=<j>=4.7•1020 m-3

•
Total energy confinement time E from the Lackner-Gottardi L-mode scaling


[image: image61.wmf]= 120 Ip0.8 R1.8 a0.4 <ne>0.4 q0.4 M0.5 P-0.6 /(1+)0.8 

[ms, MA, m, 1020 m-3, a.m.u., MW]

•
Spitzer conductivity:   =2•102 ln T[eV]3/2/Zeff
<T[eV]>=
[image: image62.wmf][s]P[W]/(3<ne>[m-3] Vp[m3] 1.6•10-19) 

Ohmic power POH=VloopIp;  PHI=2.5 POH (HIT data)

With <ne>=1•1020 m-3 and Zeff=2,
<T>=128 eV, ln=12

VL=1.4 V, POH=330 kW, PHI=1.3 MW, [image: image63.wmf]≈2.3 ms 

Aaxis=Raxis/VA on axis, AX=qPinch/VA at X-points

Aaxis=21• (mi/mp)1/2n[cm-3]1/2/(2.18•1011B[G])≈0.53 s

AX=2.9•7.4•(mi/mp)1/2n[cm-3]1/2/(2.18•1011B[G])≈0.61 s

R =0a2/≈49 ms

At the axis the Lundquist number is S=R /Aaxis≈1•105
COMPARISON WITH SPHEROMAKS

Coaxial plasma guns used as helicity injectors on Spheromaks in presence of a close conducting shell

[image: image64.wmf]
· Formation scheme: 

Plasma gun formation requires breakdown in small spaces, with extremely high pressures and kV voltages:



big amount of neutrals and impurities

After the formation, the spheromak is accelerated and expanded into a flux conserver:



error field amplification

PROTO-SPHERA will form at tokamak-like densities, with low voltages and no acceleration

· Safety factor: 

Spheromak experiments have q≈1 everywhere


too high MHD turbulence

PROTO-SPHERA has tokamak-like poloidal field coils, suited for qedge≈3
PROTO-SPHERA COMPARED TO OTHER ST EXPERIMENTS

PROTO-SPHERA HAS SAME SIZE AS START

So that the predicted performances:

<ne>=1•1020 m-3 and Zeff=2, <T>=128 eV, [image: image65.wmf]≈2.3 ms

could be very similar to the ohmic results of START

Also the Lundquist number S=R/A=1•105 can be significant for the extrapolation to a larger experiment

Is it possible to reduce the size of PROTO-SPHERA ?

The reduction must be operated by keeping constant all the current densities (in the plasma and in the conductors):

· On the cathode cross section je=Ie/(2RelZ)≤100 A/cm2
· Within the poloidal field coils jPF≤2 kA/cm2 

A size reduction of PROTO-SPHERA by a factor 1.66 (≈size of TS-3, but with j larger by ≈2) will not yet a table top experiment and will leave the costs almost unaffected, but would reduce <T>=55 eV (risk of radiation barrier?), [image: image66.wmf]≈0.35 ms and the Lundquist number to S=8•103
A size reduction of PROTO-SPHERA by a factor 2.5 (table top experiment, but smaller than TS-3), would reduce the costs at the price of reducing <T>=25 eV, [image: image67.wmf]≈76 s and the Lundquist number to S=1•103
THE START SIZE IS RIGHT FOR PROTO-SPHERA

PROTO-PINCH

Benchmark of one anode and cathode module

Similar in physical dimensions and fields to            PROTO-SPHERA with simpler linear electrodes

[image: image68.wmf]
Poloidal coils provide a stabilizing field B=1.5 kG

Allowing for Ie=1 kA (qPinch≈2)


PROTO-PINCH testbench has been built

[image: image69.wmf]

Pyrex vacuum vessel, external divertor coils only


8 conductors for the Ie return

· PROTO-PINCH has been successfully operated

[image: image70.wmf]
PROTO-PINCH H-plasma: Ie=600 AB=1 kG
PROGRESS OF PROTO-PINCH

[image: image71.wmf]
    November ‘98  December ‘98     March ‘99    September ‘99


 Ie=10 A
     Ie=70 A
    Ie=300 A
  Ie=670 A

MAIN RESULTS

· Pinch breakdown obtained in filling pressure range

pH = 1•10-3 ÷ 1•10-2 mbar (Hydrogen)

(the same of a standard Tokamak discharge)

· Pinch breakdown voltage Ve≤100 V

(No insulation problems in PROTO-SPHERA)

· The typical duration of a plasma pulse at Ie=600 A is 2÷5 s, limited by heating of Pyrex, rubber seals

· Very clean plasma (no impurity lines in H & very little W in He at lowest filling pressures)
· Anode and cathode have withstood hundreds of  discharges with the current & the power densities required for PROTO-SPHERA
DIRECTLY HEATED (AC) CATHODE

W-Th(2%) filaments of diameter 2mm - self sustaining!

Filament Number = 4,
Length = 40.0 cm

Surface = 25 cm2   

Filament Emissivity > 6A/cm2
[image: image72.png][EAEN





Refractory metals (Mo, Ta) and Al insulators
[image: image73.wmf]
CATHODE TRICKS:

· AC current used for cathode heating in order to spread the ion plasma current over the filaments (DC heated cathodes had systematic damages where the voltage was the most negative)

· Conditioning of filaments:

(1’ at 2200 °C, 1 h at 1800 °C) to cover with Th the surface of the filaments

· Time required for heating up the cathode before the plasma shot ≈10 s

CATHODE RESULTS:

· AC heating current required for emitting Ie=600-670A is Icath=550-590 A at Vcath=14.5 V, which means Ie/Icath≈1

· Filament temperature (from resistivity) Tcath~2200 °C
· Pcathode≈8.5 kW

•  Pe≈50 kW

EXTRAPOLATION TO PROTO-SPHERA CATHODE 
(Ie=60kA=100moduli•600A)
· Icathode=60 kA ( at Vcathode<20 V)

· Pcathode≈ 850 kW required  for 2 s 

· Pe≈ 5 MW

PROTO-PINCH has very clean plasma

HYDROGEN discharge spectrum
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...enlarged: main expected W line at 4009 Å
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no W-lineS in HYDROGEN PLASMA

Helium discharge spectrum...enlarged
[image: image76.png]



At low pressures pH≤2•10-3 mbar main W line (4009 Å) shows up…larger sputtering yield of He...

Waveforms of Ie and Ve

[image: image77.png]1.2 1.6 time (5)




dIe/dt limited by power supply to 600A/0.4 s

PROTO-SPHERA CATHODE:

[image: image78.wmf]
[image: image79.wmf]

Anode material & Design :

Material W90%-Cu10% at tips, Cu bulk

[image: image80.wmf]
Gas flow in holes, virtual anode for plasma
Gas feedback system for keeping pH=constant
Damage after >1000 discharges 

ANODE ARC ANCHORING WHEN CATHODE WAS DC HEATED

[image: image81.wmf]

Discharge anchored 200 A 
Disanchoring at 300 A




B=0.8 kG


B=0.8 kG

AC heated cathode:

no anchoring AT 600 A!

PROTO-SPHERA ANODE:

[image: image82.wmf]
ROTATING MAGNETIC FIELD:

Saddle coils near electrodes to contrast anchoring

Rigid stability of the coupled ULART+Pinch configuration

Simple calculations for rigid vertical & horizontal shift and for rigid tilt modes

The tilt mode tends to be the most dangerous instability of a Spheromak equilibrium confined by poloidal field coils, as the dipole moment of the plasma is opposite to the dipole moment of the confining poloidal field coils: an instability will try to align the dipoles, but the dipole alignment is incompatible with the MHD equilibrium

Analysis performed by rigid vertical/horizontal shift and rigid tilt of all the poloidal field coils, computing the reaction forces and torques acting on the plasma:


[image: image83.wmf]
where 
[image: image84.wmf] is the 
[image: image85.wmf] change due to the coil displacement

These calculations are optimistic as the most unstable mode will not be a rigid displacement, but are also pessimistic as the stabilizing vacuum magnetic energy perturbation is not accounted for

Rigid vertical shift
[image: image86.wmf]
Rigid tilt


[image: image87.png]




Thick casings (PF2,3,4) freezes (t<2ms) [image: image88.png]


 of plasma discs 

Shift disk-frozen: t<2ms
[image: image89.wmf]
      Tilt disk-frozen: t<2ms

[image: image90.png]




Effect of thick casings of PF2, PF3, and PF4 (t<2ms): rigid vertical/horizontal shift and tilt calculation repeated with 
[image: image91.wmf] limited to the PF1 and PF5 displacement

RESULTS OF RIGID STABILITY

(Shift Z=4 mm, Tilt =0.5°)

Fz=+38.9 N  Unstable   Ip= 30 kA   Ty=-2.25 Nm   Stable




Fz=-9.92 N  Stabilized (t<2 ms) by thick casing of PF2,3,4
Fz=+19.7 N  Unstable   Ip= 60 kA   Ty=-9.22 Nm   Stable




Fz=-23.5 N  Stabilized (t<2 ms) by thick casing of PF2,3,4

Fz=-6.9 N
    Stable       Ip=120kA   Ty=-12.0 Nm   Stable


Stabilization by thick casing of PF2,3,4 not needed

Fz=-68.1 N   Stable       Ip=240kA   Ty=-24.5 Nm   Stable


Stabilization by thick casing of PF2,3,4 not needed

The rigid tilt mode is stabilized by the dipole moment of PF2 & PF3 (which provide the larger part of the disk shaping field near the electrodes), which is aligned with the plasma dipole moment and dominates over the opposite (destabilizing) dipole moment of PF1, PF5 & PF4

Thick casings of PF2, PF3, and PF4 sufficient to stabilize the rigid vertical shift instability during the ST formation, provided that the formation is faster than 2 ms

RIGOROUS Ideal MHD stability

· A new ideal MHD stability code suited for treating magnetic configurations with closed and open field lines has been built in collaboration with François Rogier (ONERA, Toulouse, France) under Euratom mobility scheme
· The code has been validated on Solovev equilibria, with fixed boundary, as well as with free boundary in presence of surrounding vacuum regions

· New features:

· Boozer coordinates on open field lines continuously joined to closed field lines coordinates at Pinch-ULART interface

· Treatment of magnetic separatrix at interface

· Boundary conditions at Pinch-ULART interface

· Treatment of vacuum magnetic energy for multiple plasma boundaries

· 2D finite element method for accounting vacuum energy

BOOZER COORDINATES FOR CLOSED FIELD LINES

Give ‘simplest’ expression for the MHD stability problem

[image: image92.png]


 

Flux surfaces and magnetic field lines of an  MHD toroidal equilibrium, 
T=(toroidal flux)/2
Knowing from the toroidal equilibrium solution 
[image: image93.wmf] and T,

with


[image: image94.wmf] = 0Ip/2
and 


[image: image95.wmf] = RbT
one calculates:


[image: image96.wmf]=  rotational transform
= 1/q  

Covariant magnetic field: 
[image: image97.wmf],

with nonorthogonality coefficient 
[image: image98.wmf]
Contravariant magnetic field: 
[image: image99.wmf]
Jacobian of Boozer coordinates: 
[image: image100.wmf]
Defining


[image: image101.wmf]
and



[image: image102.wmf]
with the condition that 0=0 at the outboard of the torus (s=0), at the azimuth G=0, on all flux surfaces:


[image: image103.wmf];


[image: image104.wmf];

Boozer angle  not coincident with geometrical azimuth G


[image: image105.wmf]
(*=0 in force-free case)
[image: image106.wmf]

Boozer coordinates for the ULART of PROTO-SPHERA

Mapping in real space (e.g. in cylindrical coordinates R,G,Z) of the Boozer coordinates  and , of the nonorthogonality coefficient * and of 1/B2 is calculated by a truncation to about 40 Fourier components: 

e.g. 


[image: image107.wmf]

Boozer coordinates (T,,)

on OPEN FIELD LINES

Using the flux function 
[image: image108.wmf] from the equilibrium:

[image: image109.png]Lower
Electrode




· ULART (X<<max), closed field lines

· Pinch (SP,0<<X), open field lines electrodes

· 
[image: image110.wmf]= (toroidal flux)/2
inside ULART

· Field lines described as:


[image: image111.wmf]=constant

ST-SP interface: continuous normal displacement 

Continuity of 
[image: image112.wmf], and at interface (=X)
ST-SP interface: Field lines 
[image: image113.wmf] ‘coincide’

 Continuity of the rotational transform 
[image: image114.wmf]() in X
Interface: Continuous Jacobian 
[image: image115.wmf]
 Continuity of I() in X
· On equatorial plane: Boozer poloidal angle fixed = 

· Length parameter s on open field lines, with s=0 on the lower electrode, s=seq on the equatorial plane 

Given I() and 
[image: image116.wmf](),  is evaluated on the interface as:

· 
[image: image117.wmf]
· determines the length parameter s=s0 at which =0

Definition of I(), inside the SP:


[image: image118.wmf]
regular near the separatrix =X 

Definition of 
[image: image119.wmf](),  inside the SP:


[image: image120.wmf]
zero at =X

· Treatment of magnetic separatrix at interface

[image: image121.wmf]() goes to zero as 
[image: image122.wmf] in a very narrow layer near the separatrix, typically for |=X|≈10-5•|max-X|
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On ST side IX and 
[image: image124.wmf]X calculated numerically at =X+ST,  with ST≈10-3•|max-X|.  On SP side IX and 
[image: image125.wmf]X calculated numerically at =X+SP, with SP≠ST
 on the lower electrode is calculated as EL at =X-SP

Simplest choice: to fix =EL on the whole lower electrode; this choice determines
[image: image126.wmf]() over the whole SP

Inside SP 
[image: image127.wmf]
 (with 
[image: image128.wmf]<T<
[image: image129.wmf])

but T is not anymore the (toroidal flux)/2

Continuous joining of Boozer coordinates between closed and open field lines

[image: image130.png]=21
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In force-free screw pinch:

Boozer nonorthogonality coefficient * =0 

mapping in real space and Jacobian: sum of terms 
[image: image131.wmf],
with p=0,…,400
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Flux surface quantities for PROTO-SPHERA

ENERGY PRINCIPLE


[image: image133.wmf] displacement, 0 mass density


[image: image134.wmf] perturbed Kinetic Energy


[image: image135.wmf] perturbed Potential Energy with  
[image: image136.wmf]
and 

[image: image137.wmf]
Energy principle (Gruber-Rappaz, 1985) for compressible plasma, adopting Cooper’s notation (Terpsichore, 1992,...)


[image: image138.wmf] decomposed in normal , binormal and parallel :



[image: image139.wmf]
Fourier decomposition of displacements


[image: image140.wmf]



[image: image141.wmf]

 up/down symmetry

[image: image142.wmf]



Incompressible Potential Energy :


[image: image143.wmf]
Flux surface functions 
[image: image144.wmf]: quadratic terms due to the modes (ml,nl) and (mk,nk); integrals over :


[image: image145.wmf]

[image: image146.wmf]

[image: image147.wmf]
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Integration range: min=0, max=2 inside the ST (T<
[image: image155.wmf])
min=EL, max=2-EL inside the SP (
[image: image156.wmf]<T)
Discontinuities at the separatrix (T=
[image: image157.wmf])

Compressible Potential Energy :


[image: image158.wmf]
The code has been validated against the compressible MHD stability of Solovev equilibria (Chance, 1978), both in fixed as well as in free boundary, including conducting walls

Flux surface functions 
[image: image159.wmf]: quadratic terms due to the modes (ml,nl) and (mk,nk); integrals over :
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Range of integration angle  is:

min=0, max=2 inside the ST (0<T<
[image: image170.wmf])
min=EL, max=2-EL inside the SP (
[image: image171.wmf]<T<
[image: image172.wmf])
Discontinuities at the separatrix (T=
[image: image173.wmf])

Compressible Kinetic Energy :
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Flux surface functions 
[image: image175.wmf]:


[image: image176.wmf]




,

[image: image177.wmf]
,


[image: image178.wmf]
,

[image: image179.wmf]
,


[image: image180.wmf]
,


[image: image181.wmf]
,

[image: image182.wmf]
,


[image: image183.wmf]
Same range of integration angle as for 
[image: image184.wmf]
Total perturbed potential energy:

[image: image185.wmf]
MESH & SOLUTION

ST [0, 
[image: image186.wmf]] : 
mesh 
[image: image187.wmf]
for i=0,… 
[image: image188.wmf]

[image: image189.wmf]
SP [
[image: image190.wmf],
[image: image191.wmf]]: mesh 
[image: image192.wmf]
for i=
[image: image193.wmf],…,
[image: image194.wmf]


Radial behavior of l(T), l(T), l(T) and lTby one dimensional Finite Element Method:

[image: image195.wmf] hat functions, 
[image: image196.wmf], 
[image: image197.wmf],


[image: image198.wmf] piecewise constant functions

Eigenvalue problem [image: image199.png]


, potential W and (positive) kinetic matrix K symmetric and blockdiagonal

[image: image200.wmf] eigenvector and 2 eigenvalue

Inverse iteration method finds all the lowest discrete einegenvalues and the corresponding eigenvectors

Boundary conditions at ST-SP interface

· Constraint of continuous normal displacement

· Jumps in tangential displacements (no constraint)

Pinch kink unstable , Torus tilt unstable

but vacuum energy is not accounted for 

[image: image201.png]



Vacuum magnetic energy with multiple plasma boundaries

The vacuum energy involves three plasma surfaces:


[image: image202.wmf] (i=
[image: image203.wmf]),


[image: image204.wmf] (i=
[image: image205.wmf]+1)
and 
[image: image206.wmf] (i=
[image: image207.wmf])
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In vacuum two dimensional scalar potential 
[image: image209.wmf]: (
[image: image210.wmf] is 3D scalar potential)  obeys equation:


[image: image211.wmf]

,

with boundary conditions:


[image: image212.wmf] 
, on the perfectly conducting shells, and


[image: image213.wmf],

on each of the three 
[image: image214.wmf] surfaces, with 
[image: image215.wmf]
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The vacuum energy of the magnetic surface 
[image: image217.wmf] is an additional term on the (l-k) components of the W matrix


[image: image218.wmf]


is decoupled from the other two magnetic surfaces by the closed conducting path of the Screw Pinch current Ie

The other two surfaces 
[image: image219.wmf] and 
[image: image220.wmf] are very near, have been chosen in such a way as to have the same rotational transform 
[image: image221.wmf]and furthermore the continuity condition on the normal perturbed displacement imposes l(
[image: image222.wmf])=l(
[image: image223.wmf])

These choices eliminate any coupling between the vacuum energy of the magnetic surface 
[image: image224.wmf] and 
[image: image225.wmf]:


[image: image226.wmf]

[image: image227.wmf]
The mode coupling coefficients 
[image: image228.wmf],  
[image: image229.wmf] and 
[image: image230.wmf] are calculated by solving the equation of the two dimensional scalar potential 
[image: image231.wmf]
2D finite element method for accounting vacuum energy, can fit any shape of plasma and of surrounding conductors
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· PROTO-SPHERA (Ip= 120-240 kA, Ie= 60 kA)

Stable at T=32% accounting for vacuum energy 

Stable motions on resonant q surfaces

[image: image233.png]



Wall position does not seem to be critical, in many cases even wall at infinity stabilizes

· PROTO-SPHERA
(Ip= 120-240 kA, Ie= 60 kA)

Unstable at T=70%, including vacuum energy 

Global unstable motion (with q=1 in ST):

Pinch kink unstable, Torus tilt unstable

[image: image234.wmf]
Effects of shell positions and profiles not yet explored

CURRENT WAVEFORMS

Formation of ST in TS-3 has been used as a reference basis

Modeling of TS-3 at Ip=50 kA

Given:=1.67, Spol=0.04 m2, Vp=0.04 m3, M=1 (H2), 

R=0.16 m, a=0.10 m, <j>=Ip/Spol=1.2 MA/m2, q=1.0
At Raxis=0.17 m, Baxis≈1200 G (paramagnetism=2.5)

At the X points, Pinch=0.10 m, BPinch≈800 G 
· Greenwald density limit

<nG>=<j>=2.0•1020 m-3

· Total energy confinement time E from the Lackner-Gottardi L-mode scaling


[image: image235.wmf]= 120 Ip0.8 R1.8 a0.4 <ne>0.4 q0.4 M0.5 P-0.6 /(1+)0.8 

[ms, MA, m, 1020 m-3, a.m.u., MW]

· Spitzer conductivity:   =2•102 ln T[eV]3/2/Zeff
<T[eV]>=
[image: image236.wmf][s]P[W]/(3<ne>[m-3]Vp[m3]1.6•10-19) 

Ohmic power POH=Vloop Ip;  PHI=2.5 POH (HIT data)

With <ne>=1•1020 m-3 and Zeff=2,
<T>=38 eV, ln=10

VL=4.78 V, POH=239 kW, PHI=0.96 MW, [image: image237.wmf]≈290 s 

Aaxis=Raxis/VA on axis, AX=qPinch/VA at the X-point

Aaxis=17• (mi/mp)1/2n[cm-3]1/2/(2.18•1011B[G])≈0.65s

AX=2•1•10• (mi/mp)1/2n[cm-3]1/2/(2.18•1011B[G])≈0.6s

R =0a2/≈2.9 ms

· The Lundquist number of TS-3 was S=R/Aaxis≈4.4•103

· Magnetic reconnections are required to form the ST from the screw pinch
· Sweet-Parker reconnection theory predicts that the reconnection rate scales like the square root of magnetic Lundquist number S1/2

· The formation time has been assumed to scale as S1/2

The simple prescription for the formation time form=2•S1/2A, applied to TS-3 (S=4400, Aaxis=0.65 s), gives:  form=86 s, in reasonable agreement with the experimental data

Time scale for the formation of PROTO-SPHERA

Applying the prescription form=2•S1/2A to PROTO-SPHERA (S=1•105, Aaxis=0.53 s): form=340 s

A time scale of 400 s to achieve Ip=120 kA has been assumed, thereafter further 400 s required for achieving Ip=240 kA

PINCH CURRENT WAVEFORM Ie

  i) Screw pinch formation:

· Ie≤8 kA, Ve≤300 V lasting=0.1 s

 ii) Fast waveform, current rise:

· Ie≤60 kA, Ve≤300 V with ramp-up time=500 s

iii) Slow waveform, current sustainement:

· Ie≤60 kA, Ve≤300 V, response time 5 ms≈E«R
· Flat-top=1 s, ripple ≤ 5%
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· Ve≈100 V required for maintaining the arc discharge

· Inductance of the arc discharge Le=0.8 H; VeLdI/dt=LedI/dt≈100 V during the current ramp-up

· Power for helicity injection PHI≈1.3 MW VeHI=PHI/Ie≈22 V required for plasma sustainement

CATHODE HEATING CURRENT WAVEFORM IK
· IK=60 kA rms, VK=20 V rms,

· Time for heating cathode to 2200 °C and for cathode filaments temperature equilibration ≥15 s

· IK rise time=1s, VK rise time≥10 s, IK flat-top=30 s

[image: image239.wmf]

CHARACTERISTICS OF THE PF COILS

COIL
R1
R2
Z1
Z2
Turns
R (Ohm)








Total=

Group A





0.0783

PF1
0.2335
0.3265
0.3285
0.4215
64
0.0393

PF3.2
0.5625
0.6875
0.6100
0.6400
10
0.0063

PF5
0.4265
0.4735
0.1535
0.2465
32
0.0317







Total=

Group B





0.0288

PF2
0.0825
0.1175
0.4300
0.5700
48
0.0149

PF3.1
0.1620
0.5620
0.6100
0.6400
24
0.0062

PF4.1
0.0375
0.1625
0.8300
0.8600
16
0.0030

PF4.2
0.2125
0.5875
0.9300
0.9600
16
0.0037

COIL
R(mm)
Z(mm)
S(mm2)
j(A/mm2)
Filling

Group A






PF1
10.0
10
100.00
11.56
0.740

PF3.2
21.0
12
252.00
4.59
0.672

PF5
10.0
10
100.00
11.56
0.732

Group B






PF2
3.5
21
73.50
25.51
0.720

PF3.1
30.0
12
360.00
5.21
0.720

PF4.1
14.0
12
168.00
11.16
0.717

PF4.2
42.0
12
504.00
3.72
0.717
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[image: image246.wmf]

COMPRESSION COIL WAVEFORM I’A’
i) Fast waveform, current rise:
· I’A’≤1.5 kA, V’A’≤30 kV with rise time=1 ms

ii) Slow waveform, current sustainement:

· I’A’≤1.5 kA, V’A’≤3 kV, response time 10 ms«R
· Flat-top=1 s, ripple ≤ 5%

[image: image247.wmf]
· L’A’= 14.2 mH; maximum voltage up to V’A’≈20 kV on PF 'A' during the first 250 s of the compression

· Equilibrium sustained at I’A’≈1.200 kA, V’A’≈100 V.

[image: image248.wmf]
CONSTANT CURRENT PF COIL WAVEFORM I’B’
· I’B’=2 kA, V’B’=350 V with rise time=100 ms

· Flat-top=1 s, ripple ≤ 5%

[image: image249.wmf]
· L’B’= 3 mH; blocking inductor required in series
Magnetic Reconstruction

Main question: measurement of Ip, in absence of a Rogowsky around the ST cross section, is possible?

· Signals simulated from the output of the predictive equilibrium code for the coupled ULART+Pinch configuration (free boundary)

· Reconstruction algorithm based on the expansion of the flux function  in spherical coordinates (r,,)


[image: image250.wmf]
· Choice: magnetic sensors on a constant r=rpr surface:

[image: image251.wmf]
· With this choice it is easy to separate the external and internal contribution of the j current to the  expansion; values of 

 & 

 directly derived from the best-fit of the magnetic measurements

· Magnetic signals (typically flux & Bpol measurements) are best-fitted during the iterative solution by using a functional parametrization of p() & f2() (sources of the Grad-Shafranov equation)


[image: image252.wmf]


Inside the ULART

[image: image253.wmf]



Inside the Pinch

[image: image254.wmf]


Inside the ULART

[image: image255.wmf]


Inside the Pinch 

with the obvious constraint 
[image: image256.wmf]
· Magnetic probes around Spherical Plasma are not sufficient, so a further constraint is needed:


fix the inboard plasma boundary rin from non-magnetic measurements (e.g. spectroscopy or interferometry)

Moreover:

· the best-fit of the magnetic signals can only determine the multipolar moments up to Nmax=7

· the number of p & f2 functional parameters must be kept as low as possible to avoid numerical oscillations during the iterations (typically NP=1 and NF=3)

· Find 4 unknowns
[A1,B1,B2,B3] with 6 data:

 [[image: image257.wmf], rin,[image: image258.wmf]]
· Iterative solution of Grad-Shafranov equation:

· Tentative Multipolar Moments 

 calculated from the tentative 

[
[image: image259.wmf],
[image: image260.wmf]

 EMBED Equation.3  [image: image261.wmf],
[image: image262.wmf]]

Linear overdetermined system

(6 equations, 4 unknowns) determines correcting factors [
[image: image263.wmf],
[image: image264.wmf], 
[image: image265.wmf],
[image: image266.wmf]] by matching:



=

 for n=1,3,5,7





[image: image267.wmf] (exactly)

The magnetic sensor of PROTO-SPHERA are subdivided in two groups 

i)
Sensors lying on a sphere (rpr=42 cm):

8 V-loops









12 Saddle coils


(4 inserts)

16 Pick-up coils


(4 inserts)

ii)
Sensors for the upper/lower pinch reconstruction:


16 V-loops








10 Pick-up coils


(4 inserts)

10 Rogowsky coils for the pinch current Ie

The reconstruction capability has been checked by introducing a gaussian error on the sensor measurements and a fixed error on the rin position determination

•
The poloidal flux and magnetic field due to the poloidal coils has been subtracted from the measured signals, to avoid the need of very high number of spherical harmonics 

PROTO-SPHERA magnetic sensors
[image: image268.png]



•
Reconstruction of  (Ip, p, IPinch) and (q95, q0)
True Values

Times
Ip (kA)
p
IPinch(kA)
q95
q0

T0

(Ie= 8.25 kA)
0.0
---
2.88
---
---

T3

(Ie= 60 kA)
30.0
1.15
155
3.23
1.22

T4

(Ie= 60 kA)
60.0
0.50
208
2.84
1.09

T5

(Ie= 60 kA)
120.0
0.30
279
2.79
0.97

TF

(Ie= 60 kA)
240.0
0.15
346
2.85
1.04

Perturbed

Times
Ip (kA)
p
IPinch(kA)
q95
q0

T0

(Ie= 8.25 kA)
0.0

---
---

---
2.95

±5%
---

---
---

---

T3

(Ie= 60 kA)
30.6

±8%
0.0/1.43

>100%
153

±3%
3.14

±18%
1.37

±30%

T4

(Ie= 60 kA)
59.8

±3.5%
0.62

±40%
189

±2.6%
3.00

±9.5%
1.02

±14%

T5

(Ie= 60 kA)
119.5

±2%
0.30

±40%
258

±3.5%
2.50

±13%
0.83

±3%

TF

(Ie= 60 kA)
256.5

±6.5%
0.18

±65%
342

±7.5%
2.76

±12%
0.91

±10%

•
Magnetic sensor error of 1% with the exception of T3, in which the error has been raised up to 2%

•
Indetermination of rin=±2.5 mm, with the exception of T3, in which it has been raised up to +5/-10 mm

· The results about the possibility of reconstructing the toroidal current density profile j are the following:

[image: image269.wmf]
The results about the possibility of reconstructing the safety factor profile are the following:

[image: image270.wmf]
Reconstruction of the plasma boundary at time T3

(Ip = 30 kA, Ie = 60 kA)

[image: image271.wmf]
Reconstruction of the plasma boundary at the flat-top

(Ip = 240 kA, Ie = 60 kA)

[image: image272.wmf]

Although the magnetic sensors cannot (obviously) surround the toroidal plasma (as in a standard Tokamak), it is possible to reconstruct the ULART+Pinch configuration of PROTO-SPHERA by using standard magnetic measurement, if:

· the sensors are located on a sphere;

· the information about the inboard plasma boundary rin (from non-magnetic measurements) is added; 

· care is taken to subtract the equilibrium coils contributions from the measured signals

The ULART toroidal current Ip can be detected with an error ranging from ±2% to ±8%

The toroidal component of the screw pinch current IPinch can be measured with an error of about ±3% to ±7.5%

An accurate p measurement is impossible with magnetic measurements alone (error greater than ±40%)

The strong toroidicity effects allow for a good reconstruction of the q profile, but the reconstruction of the j profile is much less accurate

Some inaccuracy in the reconstruction of the flat-top plasma (which has a very compressed pinch), probably due to the need of very high order spherical harmonics

MAGNETIC HELICITY AND EJECTION OF PLASMA TOROIDS FROM TWISTED FLUX TUBES IN ASTROPHYSICS

Solar Flares

Emergence of twisted flux tubes from the photosphere of the Sun R=R into the corona


[image: image273.wmf]
The twisted flux tubes are of subphotospheric origin and are produced by the solar dynamo acting at core-convection zone interface (R≈0.7•R)

The magnetic helicity produced by the dynamo has opposite signs in the northern and southern solar hemispheres (and does not change sign from one 11 year period to the next)

The twisted flux tubes rise through the convection zone plasma (»), where the twist is what opposes their fragmentation 

Simulation of emergence of twisted flux tube from the solar photosphere

[image: image274.wmf]
The electric current systems thread through the photosphere and pass into the corona («), where the twist is what destabilizes kink modes

The coronal field has not an infinite capacity for the helicity, so the injected helicity must be ejected into the interplanetary space

The corona plays the role of a helicity channel, connecting the sun and the interplanetary space

X-ray toroidal plasmoid (marked by arrows) ejections during the Long Duration Event flare on Feb. 21 1992

[image: image275.png]02:33:46 uT 02:52:58 vt




Intermittent plasmoid ejections produces recurrent behavior of solar LDE flares (magnetic Lundquist number S≈108 in the corona)

[image: image276.wmf]
In small scale flares the plasmoid collides and reconnects with the ambient field, generating a jet of torsional Alfvén waves (X-ray jets and spinning H surges)

K. Shibata’s model (Plasmoid induced reconnection):

Formation of loop of plasma (by magnetic reconnection) around emerging twisted flux loop triggers increased reconnection rate: a downward jet collides with the top of the SXR loop, producing an MHD fast shock observed in the HXR images

[image: image277.png]ent
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JETS FROM MAGNETIZED ACCRETION DISKS

Giant molecular clouds (GMCs) contain weakly ionized (10-4-10-6) mass condensations of scale length≤0.1pc, called clumps; they are sites of massive star formation

The gravitational collapse of clumps is opposed by strong magnetic fields (<1) and by Alfvén waves turbulent energy (Alfvén Mach number mA~1)

Magnetized clumps can condense via ambipolar diffusion of the magnetic field, which decouples the ionized component of the cloud from the self gravitating neutrals; but the ambipolar diffusive timescale for a clump is ≥2•107 yr, longer than the lifetime of a GMC

However the field often appears to be in filaments, with Lunquist number S≈1011: magnetic helicity injected by torsional Alfvén waves can drive longitudinal current instabilities

The folding of the filaments by MHD instabilities and their break-off in fast reconnection processes (20•Alfvén), with timescales ~1-3•106 yr, can be a faster trigger of massive star formation

[image: image278.wmf]
Evidence of twisted magnetic field jet on 0.1 pc scale length from Hubble Space telescope

In protostars observations by Hubble ST reveals the existence of obscuring torus (»1, scale length≤10-3 pc)

High velocity collimated ionized bipolar jets (≈1) emanates from the central region

[image: image279.wmf]
Magnetically driven jet: when an accretion disc is threaded by large scale poloidal magnetic field, centrifugal force and magnetic pressure drive outflows

[image: image280.png]centrifugal accaleration





Numerical simulations (R. Matsumoto) of a differentially rotating cylinder with vertical B, which are subject to non axisymmetric instabilities

[image: image281.wmf]
   Volume image of density
    Magnetic field lines

The generation and relaxation of magnetic twist is driven by the rotation of the disk, the outflows are collimated along the rotation axis, due to the magnetic pinch effect

The twist relaxes by emitting torsional Alfvén waves

X-ray flares, optical jets and high velocity neutral winds are observed in protostars 

Protostellar flares 1035-10 36erg (105-106 • solar flares)
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Numerical simulations (R. Matsumoto) indicate that magnetic reconnection takes place intermittently, while magnetic twist is injected continuously

[image: image283.wmf]
A rotating spheromak (≤1) carries away the helicity

Costs of PROTO-SPHERA:

Vessel, including:tiles support 

Inconel tiles, baking system and base
570,000 Euro


Design contract




  77,500 Euro


Subtotal






647,500 Euro

Poloidal field coils, including




feedthroughs and cooling system

620,000 Euro


Design contract




  77,500 Euro


Subtotal






697,500 Euro
Anode and Cathode, including

feedthroughs and cooling system

230,000 Euro


Design contract




  50,000 Euro


Subtotal






280,000 Euro

Assembly contract




  90,000 Euro


Pumping, gas feeding  & cntrl.sys.
180,000 Euro 


TOTAL





     1,895,000 Euro

Power supply:
Pinch feeder ‘P’




825,000 Euro

Cathode feeder ‘K’




102,000 Euro

PF feeder ‘A’





181,000 Euro

PF feeder ‘B’





  92,000 Euro

Subtotal





      1200,000 Euro

Electrical work contract


140,000 Euro

TOTAL





      1,340,000 Euro

GRAND TOTAL



     3,235,000 Euro


TOTALS
Nov-99
Apr-00
Nov-00
Feb-01
Jun-01
Feb-02
Jul-02
Dec-02
Mar-03
Sep-03

Money spent
3,235,000

60,000
145,000
306,000
960,000
844,000
552,000
166,000
131,000
71,000














LOAD ASSEMBLY

Design
Contract
Tender
Construction
Check
Assembly


Final check
Guarantee

Money spent
647,500

20,000
57,500
57,000
171,000
171,000
114,000

28,500
28,500














ASSEMBLY WORK




Tender
Orders
Work

Final check



Money spent
90,000



10,000
30,000
30,000

20,000
















PUMP,GAS,CNTRL




Tender
Orders

Assembly
Final check



Money spent
180,000



20,000
60,000

60,000
40,000
















PF COILS

Design
Contract
Tender
Construction

Check
Assembly 

Final check
Guarantee

Money spent
697,500

20,000
57,500
62,000
186,000
186,000
124,000

31,000
31,000














ELECTRODES

Design
Contract
Tender
Construction

Check
Assembly 
Check
Final check
Guarantee

Money spent
280,000

20,000
30,000
23,000
69,000
69,000

46,000
11,500
11,500














POWER SUPPLY

Design

Tender
Construction

Check
Assembly
Final check
Guarantee


Money spent
1,200,000



120,000
360,000
360,000
240,000
60,000
60,000















ELECTRICAL WRK

Design

Tender
Work


Final check
Guarantee



Money spent
140,000



14,000
84,000
28,000
14,000




CONCLUSIONS

The PROTO-SPHERA project is in the framework of the research on Compact Tori (ST, Spheromaks, FRC) and has the capability of exploring the connections between the three concepts

PROTO-SPHERA results, if obtained in 2003, should be relevant and timely for the Compact Tori research line 

PROTO-SPHERA contains elements of general interest in Plasma Physics:

•
To form and sustain a magnetic confinement 
configuration through the non-linear saturation of an 
instability (self-organization)

•
To investigate the coexistence between the dynamo effect (reconnections and axisymmetry breaking) and 
magnetic confinement

•
Astrophysical interest: solar and protostellar flares

•
Simply connected magnetic confinement configurations

PROTO-SPHERA is an experiment containing a relevant component of scientific risk, but its success could lead to a larger size fusion experiment (SPHERA)

As a final remark, thanks are due to the most famous PROTO-SPHERA supporter:
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YOHKOH SXT X-ray image
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GROUP A – PF3.2



10 turns
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GROUP B – PF4.1



16 turns
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GROUP B – PF4.2



16 turns
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GROUP B	-	PF2



48 turns



magnetic screening by



6 mm Cu-W cylinder



on inboard (plasma) side
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GROUP A	-	PF1



64 turns
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GROUP A	-	PF5



32 turns
















_1006946834.doc
[image: image1..pict]

GROUP B – PF3.1



24 turns
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