4.
PHYSICAL DESIGN

While a method for injecting current (or torque) into a sustained Chandrasekhar-Kendall-Furth (CKF) configuration remains to be developed, a preliminary experiment is proposed in order to begin the study of these configurations. The PROTO-SPHERA experiment will study the properties of a CKF configuration where a Hydrogen force-free screw pinch, fed by electrodes, replaces in part the surrounding spheromak discharge, while poloidal field coils replace the secondary tori.      PROTO-SPHERA, with a longitudinal pinch current Ie=60 kA, will produce a spherical torus of equatorial diameter 2•Rsph=70 cm, aspect ratio A=1.2÷1.3, carrying a toroidal current Ip=120÷240 kA. The main parameters of the plasma are illustrated and compared with the corresponding ones obtained in the TS-3 experiment at the University of Tokyo, which in 1993 produced a small spherical torus around a screw pinch, and maintained it stable for about 100 Alfvén times.

The main constraint used in the physical design of PROTO-SPHERA has been the current density at the plasma-electrode interface. A secondary constraint has been the choice of limiting the versatility of the poloidal field coils by grouping them in two sets, each composed of coils connected in series; a further constraint has been to limit the current density inside the poloidal field coils. These two last constraints serve the purpose of simplifying the design of a concept exploration experiment like PROTO-SPHERA.

A new predictive MHD equilibrium code has been developed in order to calculate the combined screw pinch + spherical torus configurations of           PROTO-SPHERA, as no existing equilibrium code was able to deal with this problem. The plasma formation sequence has been calculated as a sequence of equilibria by this code. The assumptions used in these calculations are illustrated and connected to the physical basis developed in Section 2. The plasma performances (mainly the electron temperature Te and magnetic Lundquist number S=R/A of the spherical torus) are evaluated through semi-empirical tokamak scaling laws, which describe successfully the experimental energy confinement of spherical tori with metal centerpost.

A number of comparisons between PROTO-SPHERA and existing experiments are undertaken. First the equilibrium is compared with the one of TS-3, in order to remark the features that distinguish PROTO-SPHERA. Then the formation scheme and the equilibrium characteristics are compared with the ones of past and existing spheromak experiments. The rationale for the choice of the size of     PROTO-SPHERA is given and can be so summarized: the size of PROTO-SPHERA is dictated by the need of allowing for a clear-cut comparison between the results of PROTO-SPHERA with "plasma centerpost" and those of the spherical tori with metal centerpost.

Later, with slight modifications in the load assembly, the PROTO-SPHERA experiment could host an unrelaxed Chandrasekhar-Kendall-Furth (CKF) configuration. Whereas the breakdown and the inductive formation of the CKF should be feasible, a method for sustaining it, through current or torque injection, remains to be developed.

4.1.
Proto-Sphera Parameters
The PROTO-SPHERA cross-section is shown in Fig. 4.1. The toroidal plasma current Ip=240 kA (which is the design limit), flows in a tight torus with diameter     2•Rsph=0.7 m, aspect ratio A=1.2 and elongation =2.35. All these parameters correspond to the ones that characterized the START spherical torus experiment [31, 32, 36]. However the longitudinal screw pinch current Ie=60 kA is much smaller than the toroidal field current Itf≥200 kA flowing into the START metal centerpost (see Fig. 1.15 and 1.22).
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Fig. 4.1.
Cross-section view of PROTO-SPHERA plasma and load assembly.

4.2. Comparison between PROTO-SPHERA and TS-3

The comparison between PROTO-SPHERA and the TS-3 flux-core-spheromak experiment [67, 68], described in more detail in Section 2.2, is shown in Fig. 4.2.
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Fig. 4.2.
 Comparison between TS-3 flux-core experiment and PROTO-SPHERA.

The main differences with TS-3 can be so summarized:

•
Each of the two PROTO-SPHERA electrodes is contained inside a separate chamber and surrounds a disk shaped plasma, whereas TS-3 did not have separate electrode chambers, but produced an almost straight screw pinch between cylindrical electrodes.

•
PROTO-SPHERA aims at a prolate ST with elongation ~2.3, to get q0~1 and q95~2.5÷3, whereas TS-3 obtained an oblate ST with elongation ~1.6 and got q95≤1.

•
PROTO-SPHERA aims at sustaining the configuration for more than R=0a2/ (one resistive time), whereas TS-3 achieved ≤110•A (110 Alfvén times, A=Raxis/vA).

•
PROTO-SPHERA aims at obtaining a dimensionless Lundquist number S=R/A~1.2•105, whereas the TS-3 flux-core-spheromak experiment had S=R/A~9•103.

4.3.
Current Densities as Constraints

The main constraints in the physical design of PROTO-SPHERA have been the current densities, both in the plasma as well as in the poloidal field coils:

•
At the plasma-cathode interface: the maximum current density experimentally demonstrated on the electrode's testbench PROTO-PINCH has been 100 A/cm2 (Section 6.2), upon the cross-section of a single emitting filament. However, due to the space left in the vertical direction between the emitting filaments, the maximum current density will be considered je~80 A/cm2. This figure limits the total pinch current Ie, emerging from the plasma-cathode interface, which has the shape of a ribbon with radius Rel=0.4 m and a width Z~3.0 cm, to Ie=2RelZ•je~60 kA. The electrodes are the most unconventional items of PROTO-SPHERA. They are designed as modular (~100 modules) and are composed by a large number of elementary tubes and wires (~500). The electrodes are made out of refractory metal (directly heated cathodes and hollow gas puffed anodes) and pressed radially in a disk, as shown in Fig. 4.3.

[image: image3.wmf]
Fig. 4.3.
Scheme of the PROTO-SPHERA electrodes.

•
Within the poloidal field coils: the maximum current density allowing for a simple water cooling system and for a high duty-cycle experiment (a plasma shot every 5') has been chosen as jPF≤2 kA/cm2. This figure implies a temperature increase due to the ohmic self-heating dT/dt≤2 °C/sec for all the poloidal field coils. Two sets of coils exist (Fig. 4.4). To minimize the number of electrical power supplies all the coils of each set are connected in series.
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Fig. 4.4.    Scheme of the poloidal field coils of PROTO-SPHERA, divided in set 'A' and

    'B'. Also all the axisymmetric passive conductors are evidenced.

•
Group 'B': coils that have the task of shaping the screw pinch; their current is fixed during the plasma shot. These coils are enclosed inside thick vacuum tight metal cases (10-mm thick stainless steel or 6 mm-thick W-Cu). The time constant of these coils is >2ms and serves the purpose of stabilizing the plasma disks near the electrodes during the formation of the spherical torus.

•
Group 'A': coils that have the task of compressing the torus; their current is variable during the plasma shot. These coils are enclosed inside thin vacuum tight metal cases (1.5 mm-thick Inconel). The time constant of these coils is <200 s and serves the purpose of allowing a fast response of the field compressing the plasma torus.

4.4.
Screw Pinch Formation

The screw pinch (SP) is formed by a hot cathode breakdown. First the cathode filaments are heated to 2600 °C and the current in the poloidal field coils of group 'B' reaches its nominal value I'B'=1875 A. At this point a voltage Ve~100 V, applied on the anode, is sufficient to breakdown the Hydrogen gas, filling the vessel at a pressure pH~10-3÷10-2 mbar. The longitudinal arc current is limited to less than Ie~8.5 kA (Fig. 4.5) and the total toroidal current inside the force-free screw pinch to IPinch~3 kA. The pinch discharge is kink stable (qPinch≥2, Pinch~2.6 m-1). No current flows in the PF coils of group 'A'.
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Fig. 4.5.    Cross-section view of PROTO-SPHERA plasma at the screw pinch formation.

As the power required to maintain the kink-stable screw pinch will be quite low        (< 1 MW, see Section 6.5), this plasma discharge can be sustained easily for 1 s. In the scenario which leads to the toroidal plasma formation (see Section 8.4), the stable screw pinch is maintained for only 0.1 s. During this time interval (0.1 extensible to   1 s) it should be possible, through control of the gas puffing system, to increase or decrease the screw pinch electron density. This control tool would be quite useful, should the best choice for the filling pressure at the breakdown turn out to be incompatible with the best choice for the screw pinch electron density at the formation of the spherical torus.

Pushing the pinch current up to Ie=60 kA (Pinch~18 m-1), on a time scale of about    500 s, the screw pinch goes kink unstable (qPinch<2). With a delay of about 100 s also the current in the poloidal field coils of group 'A' starts to increase, reaching I'A'=0.7 kA on a time scale of ~1 ms. After a further delay of 100 s the spherical torus starts to form, as in the TS-3 flux-core-spheromak experiment, reaching Ip=120 kA on a time scale of ~1 ms. Figure 4.6 shows the comparison between the vacuum field of PROTO-SPHERA and the corresponding vacuum field of TS-3, just before the formation of the spherical torus. The geometry of the field at the torus formation is the same as in TS-3, where the ST formation was 100% successful [68] (i.e. the spherical torus was formed in every shot).
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Fig. 4.6.
Cross-section view of the vacuum field flux surfaces just before the formation of the spherical torus in: 

a) TS-3 [68] and b) PROTO-SPHERA.

The success of the TS-3 formation scheme can be due to the flux swing induced by the increase of the current in the compression coils. As a matter of fact, the flux swing available in PROTO-SPHERA provides a loop voltage Vloop~10 V, for about 1 ms. This flux swing alone should be able to push up Ip to 120 kA in about 1 ms (see Section 8.5).

4.5.
Equilibrium Code for Combined

Spherical Torus +
Screw Pinch Configurations

The equilibrium scenario has been calculated by a predictive equilibrium code based on spherical coordinates [89], which solves the Grad-Shafranov equation for the combined equilibrium of a spherical torus and of a force-free screw pinch. The configuration of PROTO-SPHERA is composed by a screw pinch (SP), with open field lines ending upon the electrodes: the plasma-electrode contact surfaces are cylindrical ribbons placed at R=Rel. The SP is surrounded by a spherical torus (ST), with closed field lines: the SP and the ST have a common magnetic separatrix (see Fig. 4.1).

Coupled equilibrium calculations, based on the poloidal flux function =2RA (Fig. 4.7.a), have been performed, using the following assumptions:

•
The plasma pressure p() and the normalized diamagnetic current f()=0Idia/) are continuous at the ST-SP interface (=X), whereas the current density 
[image: image7.wmf] may have jumps at the interface (Fig. 4.7.d).

•
The plasma of the SP is force-free (
[image: image8.wmf]=0), with p()=pe=constant and f()=0Ie/)(/X) inside the SP (0<<X). The poloidal flux function is =0 on the symmetry axis and the total longitudinal (electrode) current Ie is an input.

•
The ST-SP interface is defined by the magnetic separatrix (which has X-points with non-orthogonal cross-section);
[image: image9.wmf]≠0 only within the separatrix for the ST; 
[image: image10.wmf]≠0 within the area bounded by the electrodes for the pinch (Fig. 4.8).

•
p()pe+Cp(X)1.1 and 
[image: image11.wmf] inside the ST (X<<max) (see Fig. 4.7.b and 4.7.c).

•
The total toroidal current 
[image: image12.wmf]= Ip flowing inside the contour 
[image: image13.wmf] of the ST is an input, along with the total poloidal beta inside the volume 
[image: image14.wmf] of the ST, 
[image: image15.wmf].

The two inputs Ip and 
[image: image16.wmf] determine, by iteration, the values of Cp and Cf. The total toroidal current IPinch, flowing inside the force-free screw pinch, is instead an output. 

The iterative equilibrium calculation is performed in spherical coordinates (r,,G), where the poloidal flux function can be expanded, in terms of index-1, order-n spherical harmonics 
[image: image17.wmf] and of the internal 
[image: image18.wmf] and external 
[image: image19.wmf] spherical multipolar moments, as 
[image: image20.wmf]. It is necessary to use a large number of spherical multipolar moments (Nmax=40÷50) for obtaining a correct description of the narrowest part of the screw pinch. The solution for the combined equilibrium is shown in Fig. 4.8: it exhibits two X-points at the    SP-ST magnetic separatrix (=X) and two degenerate X-points (B=0) on the symmetry axis, where the surface =0 branches towards the electrodes.
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Fig. 4.7. Equilibrium calculation for PROTO-SPHERA: Ip=180 kA, Ie=60 kA, pST=0.22. 

  Profiles on the equatorial plane of: a) Flux function ; b) plasma pressure p();

  c) diamagnetic current Idia2() and d) toroidal current density j.

[image: image22.png]



Fig. 4.8.    Equilibrium calculation for PROTO-SPHERA: Ip=180 kA, Ie=60 kA,

    pST=0.22. Contour plot of the poloidal flux function .

The values of the winding number (also called safety factor) are q0~0.94 at the magnetic axis (due to the very strong paramagnetism), with qmin~0.88, and q~6 at the edge. However the region of strong shear at the edge starts at q95~2.6 (where q95 is the value of q at =0.95•X) and is extremely narrow, as shown in Fig. 4.9.
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 Fig. 4.9. Equilibrium calculation for PROTO-SPHERA: Ip=180 kA, Ie=60 kA, pST=0.22.          

  a) Winding number q on the equatorial plane; b) q versus the poloidal flux

  function, inside the main spherical torus; c) contour plot of q.

The surface averaged relaxation parameter <>=0<
[image: image24.wmf]•
[image: image25.wmf]/B2> (Fig. 4.10) is constant    ~35 m-1 inside the screw pinch. It is slowly varying, starting from values around       9 m-1 near the plasma magnetic axis, and increases up to 35 m-1 at the edge of the ST, where it matches the value in the screw pinch. The volume-averaged value of Rsph in the ST is about 4.

[image: image26.wmf]
Fig. 4.10. Calculated equilibrium of PROTO-SPHERA: Ip=180 kA, Ie=60 kA, pST=0.22.

    Profile of the relaxation parameter <> on the equatorial plane.

The equilibrium code has also been used to simulate the experimental results of TS-3 flux core spheromak, using the published PF coil currents waveforms. The screw pinch, which in TS-3 simply terminated on cylindrical electrodes, has been assumed to be force free: p()=pe=constant and f()=0Ie/)(/X) (for 0<<X), like in PROTO-SPHERA. The assumptions used for the profiles inside the spherical torus: p()pe+Cp(X)1.1 and 
[image: image27.wmf] (for X<<max) are the same as those used for PROTO-SPHERA. The longitudinal screw pinch current is Ie=40 kA and the toroidal current inside the ST is Ip=50 kA. A much larger poloidal beta value (
[image: image28.wmf]=0.60, ST=29% for TS-3, versus 
[image: image29.wmf]=0.22, ST=22% for          PROTO-SPHERA) is required in order to match in the equilibrium calculation the measured shape of the spherical torus. The results of the equilibrium simulations of TS-3 are shown in Fig. 4.11 and 4.12.
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Fig. 4.11.
Equilibrium calculation for TS-3: Ip=50 kA, Ie=40 kA, ST=29%.
 

Profiles on the equator of: a) Flux function ; b) plasma pressure p();

c) diamagnetic current Idia2() and d) toroidal current density j.

The values of the winding number (safety factor) are, at the magnetic axis q0~0.62 (due to the very strong paramagnetism), and at the edge q~2. However the region of strong shear at the edge starts at q95~0.97 (where q95 is the value of q at =0.95•X) and is extremely narrow.
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Fig. 4.12.
Equilibrium calculation for TS-3: Ip=50 kA, Ie=40 kA, ST=29%.

 
Contour plot of the poloidal flux function .

4.6.
Equilibrium Comparison with TS-3

The geometry of the PF coils in PROTO-SPHERA has been designed in order to produce a magnetic configuration with well-defined features. Among the main differences of the equilibrium between PROTO-SPHERA and TS-3, the two worth mentioning are:

•
The q profile in the spherical torus is different. Comparing the TS-3 equilibrium simulation with the PROTO-SPHERA equilibrium calculation (see Section 4.5) it turns out that TS-3 was characterized by a q~1 all over the spherical torus, whereas PROTO-SPHERA aims at a q95~3 (see Fig. 4.13).

•
The disk shape of the plasma near the electrodes plays a major role in stabilizing the rigid shift/tilt modes in PROTO-SPHERA (see Section 5.1).

   TS-3
           PROTO-SPHERA

[image: image32.png]R (m)

03

00

R (m)

0.4





Fig. 4.13.    
Equilibrium calculated for TS-3 with Ip=50 kA, Ie=40 kA and

for PROTO-SPHERA with Ip=180 kA, Ie=60 kA.

Profiles on the equator of q() for: a) TS-3; b) PROTO-SPHERA.

Contour plot of q() for: c) TS-3; d) PROTO-SPHERA.

4.7.
Formation Sequence

The formation sequence starts 250 s after the torus formation with Ip=30 kA=Ie/2: the equilibrium has an aspect ratio A= 1.80, an elongation = 2.17, a safety factor at the edge q95= 3.4, a paramagnetic effect BT/BT0= 1.20 and a toroidal pinch current IPinch = 179 kA. 

The relaxation parameter in the pinch is PinchRsph=6 and its volume average in the torus is STRsph>Vol~2.45(with Rsph=0.35 m). The equilibrium is shown in Fig. 4.14.
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Fig. 4.14.    Equilibrium of PROTO-SPHERA at Ip=30 kA, 250 s after torus formation.

The formation sequence continues 500 s after the torus formation with Ip=60 kA=Ie: the equilibrium has an aspect ratio A= 1.51, an elongation = 2.15, a safety factor at the edge q95= 3.1, a paramagnetic effect BT/BT0= 1.47 and a toroidal pinch current IPinch = 247 kA. 

The relaxation parameter in the pinch is PinchRsph=8 and its volume average in the torus is STRsph>Vol~3.15(with Rsph=0.35 m). The equilibrium is shown in Fig. 4.15.
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Fig. 4.15.    Equilibrium of PROTO-SPHERA at Ip=60 kA, 500 s after torus formation.

The formation continues 1000 s after the torus formation with Ip= 120 kA = 2•Ie:      the equilibrium has an aspect ratio A= 1.32, an elongation = 2.16, a safety factor at the edge q95= 2.8, a paramagnetic effect BT/BT0= 2.1 and a toroidal pinch current IPinch= 310 kA. 

The relaxation parameter in the pinch is PinchRsph=10.5 and its volume average in the torus is STRsph>Vol~3.85(with Rsph=0.35 m). The equilibrium is shown in Fig. 4.16.
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Fig. 4.16. Equilibrium of PROTO-SPHERA at Ip=120 kA, 1000 s after torus formation.

The formation ends 10 ms after the torus formation with Ip= 240 kA = 4•Ie:                 the equilibrium has an aspect ratio A= 1.21, an elongation = 2.35, a safety factor at the edge q95= 2.8, a paramagnetic effect BT/BT0= 3.1 and a toroidal pinch current IPinch= 407 kA.

The relaxation parameter in the pinch is PinchRsph=14 and its volume average in the torus is STRsph>Vol~4.2(with Rsph=0.35 m). The equilibrium is shown in Fig. 4.17.
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Fig. 4.17.   Equilibrium of PROTO-SPHERA at Ip=240 kA, 10 ms after torus formation.
4.8.
Plasma Performances at Ip=180 kA

The following parameters, calculated from the equilibrium code, will be used for evaluating the plasma performances of the spherical torus of PROTO-SPHERA. The case chosen is intermediate between the time slice at 1.0 ms (Fig. 4.16) with      Ip=120 kA and the time slice at 10 ms (Fig. 4.17) with Ip=240 kA. This choice is due to the fact that it is a high current case (Ip=180 kA), but still ideal MHD stable with a large beta value (ST=22%, 
[image: image37.wmf]=0.22), see Section 5.9. It is the same case whose MHD equilibrium is shown in Section 4.5 (see Fig. 4.7, 4.8, 4.9 and 4.10).

Its parameters are:

Major radius R=0.20 m, minor radius a=0.16 melongation2.17. 

Radius of the magnetic axis Raxis=0.23 m, poloidal cross-section surface Spol=0.13 m2.

Total ST plasma volume Vp=0.14 m3, radius of the X-point Pinch=0.081 m.

Toroidal field: on axis Baxis~1360 G (paramagnetism=2.6), at X-point BPinch~1480 G.

Toroidal ST plasma current Ip=0.18 MA, <j>=Ip/Spol=1.4 MA/m2, q95=2.6, M=1 (H2).

The density limit of the ST of PROTO-SPHERA is evaluated by using the Greenwald density limit [90], which fits well the START data [47]: <nG> = <j>, where <nG> is in units of 1020 m-3, <j> is in MA/m2, the averages are on the ST poloidal            cross-section area and  is the elongation.

Therefore the density limit for PROTO-SPHERA is: 
<nG> = 3.0•1020 m-3.
The total energy confinement time is evaluated from the semi-empirical          Lackner-Gottardi L-mode plateau-scaling [91]:

ELG=120 Ip0.8R1.8a0.4<ne>0.4q950.4M0.5P-0.6/(1+)0.8  [ms; MA, m, 1020 m-3, a.m.u., MW].

The total power required for the helicity injection through the X-points of the configuration is taken as PHI=4•PSToh [78], where PSToh the equivalent resistive power required for sustaining the spherical torus. It is assumed that half of this power is dissipated inside the spherical torus, therefore P=PSTHI=2•PSToh is used in the confinement scaling. The estimation of the resistive power PSToh=IpVloop comes from the Spitzer conductivity [92]:

=2•102 ln Te3/2/Zeff [Siemens; Coulomb logarithm, eV, ion-effective/proton charge].

The energy confinement is calculated by an iterative procedure, starting from a guessed volume averaged electron temperature <Te>, evaluating a provisional resistive input power and a provisional energy confinement, which give a revised

<Te>=ELG PSTHI/(3•1.6•10-19<ne>Vp)

[eV; s, W, m-3, m3]
,

and so on until the convergence of <Te> is obtained.

Choosing for PROTO-SPHERA <ne>=0.5•1020 m-3, Zeff=2 and ln=13,

the procedure converges to <T>=140 eV, which means:

Vloop=0.8 V, PSTHI =290 kW, PHI=580 kW, ELG~1.6 ms.

The choice of the density <ne> corresponds to the maximum density that makes compatible the ideal MHD  limit with the Lackner-Gottardi L-mode plateau scaling. Such MHD/confinement density limit will increase (decrease) in presence of a degraded (improved) energy confinement. 

The profiles of electron density, temperature and total kinetic pressure of the equilibrium of Fig. 4.8 are shown in Fig. 4.18, as a function of the normalized equivalent cylindrical radius /a.
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Fig. 4.18.  Calculated equilibrium of PROTO-SPHERA: Ip=180 kA, Ie=60 kA, pST=0.22.

    Profiles inside the ST of: a) electron density ne; b) electron temperature Te;

    c) kinetic pressure p, versus the normalized equivalent cylindrical radius /a.

The Alfvén time is calculated as Aaxis=Raxis/VA on axis, AX= q95Pinch/VA at X-points:

Aaxis=23[cm]•(mi/mp)1/2n[cm-3]1/2/(2.18•1011Baxis[G])~0.55 s,

AX=2.6•8.1[cm]•(mi/mp)1/2n[cm-3]1/2/(2.18•1011 BPinch[G])~0.46 s.

The resistive time is calculated asR =0a2/~69 ms.

The representative Lundquist number of PROTO-SPHERA is S=R /A~1.2•105.

4.9.
Screw Pinch Power Balance 

The screw pinch is modeled as a straight cylinder of radius <Pinch> and length LPinch (~2.0 m). Since the magnetic field lines are helices and the pinch winding number is qPinch~1/6, the connection length (i.e. the length of a field line from one electrode to the other) is taken as 2LPinch (~4.0 m).

The Joule dissipation in the main body of the screw pinch plasma is:

PPinch = dV j2/ =  j2Pinch(0)4Pinch(0) 2-L/2 L/2 dz / (2Pinch(z))  .

As 2Pinch(z) jPinch(z)= 2Pinch(0) jPinch(0), and taking from the equilibrium calculation the estimate <1/2Pinch(z)>=1/(2.5 2Pinch(0)), one obtains, under the assumption of constant electrical conductivity in the screw pinch, =constant:

PPinch =  j2Pinch(0) 2Pinch(0) 2 LPinch/ (2.5  .

Inserting the Spitzer conductivity [92] = 2•102 lnTe3/2/Zeff, one finds that:

PPinch=  j2Pinch(0) 2Pinch(0) 2 LPinch Zeff / (5•102 lnTe3/2, where Te is the electron temperature in the main body of the screw pinch.

In order to derive the plasma parameters of the screw pinch, a power balance is made modeling the pinch and the electrodes as a flux tube similar to the scrape off layer (SOL) of a limiter tokamak, with the main difference of the large current density carried through this plasma.

Thus, similarly to the power losses through the sheath of a limiter:

•
The power incident on the electrodes due to the particle flux and localized on the electrode sheaths can be written as: PelPinch= 1.6•10-19 Sel ksnelTel3/2 Watt, where Sel is the total effective area of the electrodes,  is the energy transmission factor through the sheath (~8), ks the numerical coefficient for the sound velocity (ks=9.78•103/A1/2 m/s, A being the mass number of the incident ion) and Tel, nel [eV, m-3] are the electron temperature and density at the electrodes.

•
The power lost by diffusion though the pinch surface is:

PDiffPinch= 1.6•10-19 kB2LPinch(neTe2/B) Watt, where a thermal conductivity of the Bohm type (Te/B;  kB= 0.06 when Te in eV and B in T) is assumed.

•
The power lost by radiation is expressed by:

PradPinch = fimpne2 R(Te) 2Pinch> LPinch, where fimp is the impurity fraction and R(Te) the cooling rate.

•
The power loss connected with the convected flux due to the current at the anode is: PanPinch = (5/2) <j> Te <2Pinch>.

The weight of the various loss terms is evaluated. The pinch radius at which the radial power losses dominate with respect to the longitudinal power lost at the electrodes, is determined by the most strict between the two conditions: 

<Pinch>  < [2LPinchkBTe1/2/(ksB)]1/2;
<Pinch>  < [1.28•10-19 2LPinchkBneTe/(<jPinch>B)] 1/2.
Here and in the following the electron temperature is assumed to be constant along the field lines in the main body of the screw pinch plasma. At the end it will be verified that this condition is satisfied. By substituting numerical values, it appears that only when <Pinch>is less than a few mm (even accounting for a reasonable enhancement over Bohm diffusion), the radial loss term is significant. The radial loss term is therefore neglected in the power balance. Also the radiation term is neglected for the moment.

Far from the electrodes the power balance is determined equating the ohmic input to the current convected loss. Thus in the main body of the plasma:

(5/2) jPinch(0)Te 2Pinch(0) = ( j2Pinch(0) 2Pinch(0) 2LPinch Zeff) / (5•102 lnTe3/2 ).

For the plasma of Fig. 4.8, with Ip=180 kA, Ie=60 kA and Pinch(0)=0.04 m, substituting the values LPinch=2.0 m, jPinch(0)=1.2•107 A/m2, Zeff=2, ln=10, the temperature of the main body of the pinch discharge is obtained: Te=36 eV.

The ohmic input power is, for Te=36 eV: PPinch= 5.4 MW.

Assuming an electron density of the order of 1019 m-3 (which will be justified in Section 6.5), it is easy to check that the only other power loss which is not negligible, with respect to that due to the pinch current, is the power loss localized to the electrode sheaths, which is estimated, also in Section 6.5, to be at most         PelPinch=4.6 MW. The power lost through impurity radiation is calculated assuming a 1% impurity concentration and a cooling rate R(Te)~10-31 W•m3, which correspond to the maximal cooling rate of Oxygen. The result is PradPinch~0.1 MW, which indeed can be neglected with respect to the total power, taking also into account that this evaluation is somewhat overestimated. 

The condition for avoiding strong longitudinal temperature gradient is:

 2LPinch•ne ≤ 1017 Te2 / Zeff  [m-2].    

This condition is strictly verified for the pinch if Te~20 eV. At lower temperatures, the plasma temperature toward the electrodes should be lower than that at the pinch core, if (like in the SOL) the plasma pressure is constant.

During the toroidal plasma formation at Ie=60 kA, the evolution of the main body screw pinch electron temperature and of the ohmic input power will be:

at Ip=30 kA,
Pinch(0)=0.11 m:
Te=16 eV and PPinch= 2.4 MW;

at Ip=60 kA,
Pinch(0)=0.075 m:
Te=22 eV and PPinch= 3.3 MW;

at Ip=120 kA,
Pinch(0)=0.05 m:
Te=33 eV and PPinch= 5.0 MW;

at Ip=180 kA,
Pinch(0)=0.04 m:
Te=36 eV and PPinch= 5.4 MW;

Instead the power loss localized at the electrode sheaths should remain at most at the constant value PelPinch =4.6 MW, during the toroidal plasma formation and sustainment at Ie=60 kA.

From the Katsurai formula [61] (Section 1.5) the current Ip in the spherical torus is proportional to the current density jPinch(0) on the equator of the screw pinch: Ip=jPinch(0)•22a2/(q95). Then reducing the equatorial radius of the screw pinch Pinch(0), keeping jPinch(0) unchanged, one can maintain the same plasma current Ip, unless a tilt mode is destabilized. The advantage of reducing Pinch(0) is clear as it reduces the Joule dissipation in the main body of the screw pinch plasma. The compression of the screw pinch, while decreasing the longitudinal pinch current Ie, could even lead to the formation of an FRC with a new technique. 

4.10.
Comparison between Spheromaks and


PROTO-SPHERA

Spheromaks are usually formed (Fig. 4.19) by magnetized coaxial plasma guns used as helicity injectors, in presence of a close conducting shell (see also Section 1.2).

[image: image39.wmf]
Fig. 4.19.
Scheme of a spheromak formed by a coaxial plasma gun.

The main difference with PROTO-SPHERA, as far as the formation scheme is concerned, is:

•
The magnetized coaxial plasma gun formation requires breakdown in small spaces, with extremely high filling pressures and kV voltages.

This means thatbig amount of neutrals and impurities are released from the gun.
•
After the formation, the spheromak is accelerated and expanded into a flux conserver.


This means that the field errors already present in the gun are amplified.

PROTO-SPHERA will form instead at tokamak-like densities, with very low voltages (~100 V) and will not undergo any expansion.

The main difference with PROTO-SPHERA, as far as the q-value is concerned, is:

•
Spheromak experiments have q~1 everywhere.


This means thattoo high MHD turbulence can be present.

PROTO-SPHERA has instead tokamak-like poloidal field coils, suited for q95~3.
Clearly the effective achievement of q95~3 depends upon the ratio Pinch/<>ST~3 between the constant Pinch=0
[image: image40.wmf]•
[image: image41.wmf]/B2 in the screw pinch and the surface averaged <>ST=0<
[image: image42.wmf]•
[image: image43.wmf]/B2>ST in the spherical torus. The value of this ratio will be determined in the experiment by the efficiency of the helicity injection and by the relaxation of the whole plasma.

4.11.
Rationale for the Size of Proto-Sphera
The first observation is that PROTO-SPHERA has as almost the same size of start. As a matter of fact the predicted performances: <Te>=140 eV and ELG~1.6 ms at <ne>=0.5•1020 m-3 and Zeff=2, should be very similar to the ohmic results of START. This feature will allow for a clear-cut comparison between the results of         PROTO-SPHERA with "plasma centerpost" and those of the spherical tori with metal centerpost.

The Lundquist number that PROTO-SPHERA will achieve, S=R/A≥1•105, will be significant for the extrapolation to a larger and more fusion relevant Chandrasekhar-Kendall-Furth configuration experiment (Section 3).

The effect of a possible reduction of the size of PROTO-SPHERA must however be assessed. The reduction should be operated while keeping constant all the current densities (in the plasma as well as in the conductors). On the cathode cross-section the current density is kept to the level je=Ie/(2RelZ)≤80 A/cm2 and within the poloidal field coils to the level jPF≤2 kA/cm2.

A size reduction of PROTO-SPHERA by a factor 1.66 would reduce the size of the torus to that of TS-3, but would not yet yield a table top experiment, due to the additional size of the two separate electrodes chambers present in PROTO-SPHERA. This size reduction would then leave the costs almost unaffected, while it would reduce the space available inside the vacuum vessel, making very difficult to allocate all the required mechanical components. It would however reduce <Te> to 100 eV and the MHD/confinement density limit to <ne>=2.6•1019 m-3, ELG to 0.31 ms and the Lundquist number to S=3.6•104, quite similar to TS-3.

A size reduction of PROTO-SPHERA by a factor 2.5 would yield a table top experiment, but with the size of the spherical torus smaller than that of TS-3. It could reduce the costs at the price of reducing <Te> to 65 eV (with possible risks of radiation barriers), the MHD/confinement density limit to <ne>=1.8•1019 m-3, ELG to 80 s and the Lundquist number to S=9•103. The reduction by a factor of 2.5 could perhaps slash the costs by a factor of two, but the design and the construction would become pointlessly challenging. The machine in that case would become a miniature project, with a lot of difficulties in the cooling of the PF coils and of the electrodes. The power supply would be complicated in order to deal with formation times shorter than 50 s.
All these considerations show that the start size is the right size for     proto-sphera.
4.13. A Ckf Configuration inside Proto-Sphera?

If a method for injecting current (or torque) into a CKF unrelaxed configuration were developed, the load assembly of PROTO-SPHERA could host such a configuration, as shown in Fig. 4.20.

[image: image44.wmf]
Fig. 4.20.
Cross-section view of PROTO-SPHERA containing a CKF configuration inside a slightly modified load assembly.

The required modifications of the PF coils positions would be:

•
The removal of the PF2 and PF3.1 "divertor poloidal field coils".

•
The removal of the PF6.2 focalizing coils.

•
The displacement of the PF6.1 focalizing coils near the PF1 compression coils.

•
Each poloidal field coil fed independently (6 power supplies instead of 2).

The modified position of the PF coils is shown in Fig. 4.21 (compare with Fig. 4.4).

[image: image45.png]



Fig. 4.21.
Scheme of the poloidal field coils of modified PROTO-SPHERA.

Free-boundary equilibrium calculations, based on the poloidal flux function =2RA, have been performed, using the following choices for the pressure and the diamagnetic current functions in the Grad-Shafranov equation:

p()
[image: image46.wmf]


for <c
and

p()C p • {1 + p}





for ≥c
;

Idia()=
[image: image47.wmf]/0
for <c
and

Idia()=
[image: image48.wmf]/0
for ≥c
.

The total toroidal current Ip flowing inside the ST is an input, along with the total poloidal beta of the ST 
[image: image49.wmf]. 

The two inputs Ip and 
[image: image50.wmf] determine, by iteration, the values of Cp, CI and the <> profile. The case shown in Fig. 4.20 corresponds to the choices p=5, c=4•X (where X is the poloidal flux function at the separatrix), =2, edge=14.066, =9.5 and 
[image: image51.wmf]=0.06. Assuming for the poloidal spheromak current the value Ie=60 kA (just equal to the longitudinal screw pinch current of PROTO-SPHERA), the total toroidal current in the main spherical torus would be Ip=327 kA (larger than in the case of PROTO-SPHERA, which has Ip=120÷240 kA flowing inside the ST). 

The total current flowing inside the poloidal field coils would be      IPF=
[image: image52.wmf]=296 kA (see Fig. 4.22), almost equal to the total toroidal current inside the main spherical torus Ip=327 kA. The configuration is calculated to be ideal MHD stable at ST=20<p>ST/<B2>ST=50%.

[image: image53.png]



Fig. 4.22.
PF coils currents required in the modified PROTO-SPHERA.
Electrodes (see Fig. 4.23) could produce the breakdown of the plasma, before the formation of the spherical torus. The total longitudinal pinch current is assumed to be, Ie=8.5 kA (like in the PROTO-SPHERA breakdown).

[image: image54.wmf]
Fig. 4.23.
Cross-section view of PROTO-SPHERA containing a CKF configuration inside a slightly modified load assembly at the plasma breakdown.

The breakdown would require some modifications of the electrodes:

•
A slightly shorter distance between the electrodes: 1.54 m instead of 1.63 m.

•
A larger vertical thickness of the electrodes: Z=12 cm instead of Z=5.4 cm, which can be obtained displacing the same emitting cathode filaments farther away from each other in the vertical direction and increasing the vertical width of the anode modules.

The total current flowing at the start-up inside the poloidal field coils would be IPF=
[image: image55.wmf]=234 kA. Comparing the signs and magnitudes of the currents flowing inside the PF coils at the start-up (Fig. 4.24) with those of the final configuration (Fig. 4.22), it turns out that the sudden variation of these currents could provide approximately enough magnetic flux to the plasma as to induce the full toroidal plasma current of the final configuration.

[image: image56.png]



Fig. 4.24.
PF coils currents required in the breakdown of the modified

PROTO-SPHERA.
4.13.
Characteristics of a Ckf
inside Proto-Sphera
Fig. 4.25 shows the profiles of flux function, pressure, diamagnetic current and toroidal current density inside the CKF unrelaxed configuration contained in the modified PROTO-SPHERA.
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Fig. 4.25. CKF in the modified PROTO-SPHERA: Ip=327kA, Ie=60kA,ST=50%.

    Profiles on the equator of: a) Flux function ; b) plasma pressure p();

    c) diamagnetic current Idia2() and d) toroidal current density j.
The main differences with the corresponding quantities for PROTO-SPHERA, shown in Fig. 4.7, are due to the much larger beta value (ST=20<p>ST/<B2>ST=50% in the modified PROTO-SPHERA, compared to ST~20% in PROTO-SPHERA).

The main spherical torus has a winding number (inverse of the rotational transform, q=1/
[image: image58.wmf]), which is shown in Fig. 4.26. The values are 
[image: image59.wmf]~1.1 on the magnetic axis and 
[image: image60.wmf]~2.0 at the edge (95% of the poloidal flux of the magnetic separatrix).

This configuration has =0
[image: image61.wmf]•
[image: image62.wmf]/B2=constant only at the edge of the plasma (T=
[image: image63.wmf]), as a boundary condition for the MHD equilibrium. The surface averaged value <>=0<
[image: image64.wmf]•
[image: image65.wmf]/B2> drops from <>=25, at the edge of the surrounding spheromak, down to <>=8, on the axis of the main spherical torus (see Fig. 4.27). Such <> profile corresponds to a sustainment obtained by driving current on the flux surfaces of the surrounding spheromak. 
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Fig. 4.26.
CKF in the modified PROTO-SPHERA: Ip=327kA, Ie=60kA, ST=50%. Winding number q as a function of: a) the major radius on the equator and b) the poloidal flux function inside the main spherical torus. 

c) Contour plot of q.

The gradient of the pressure profile (see Fig. 4.25.b) is assumed to be concentrated in the same region where the gradient of <> has the largest variation.
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Fig. 4.27.
CKF in the modified PROTO-SPHERA: Ip=327kA, Ie=60kA,ST=50%.

Profile of the relaxation parameter <() on the equatorial plane.
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