8.
CURRENT WAVEFORMS

The purpose of this Section is to specify the waveforms of the currents that have to be fed into the cathode, into the poloidal field coils and into the screw pinch plasma in order to form and to sustain, through magnetic reconnections, the ST of          PROTO-SPHERA.

The value of the cathode current is based on the results of the PROTO-PINCH electrode testbench (see Section 6). The values of the other currents are based on the predictive equilibrium calculations, detailed in Section 4, and on the mechanical design of the poloidal field coils, presented in Section 7.

The time-scale connecting the sequence of equilibrium calculations is derived scaling up the time-scale obtained in the TS-3 flux-core spheromak experiment by the square root of the magnetic Lundquist number, S1/2. This scaling is the one predicted by the Sweet-Parker reconnection theory.

8.1.
Formation Time-Scale

In order to model the formation of the ST in PROTO-SPHERA, the experimental results of TS-3 [67, 68] have been used as a reference basis. The case with Ie=40 kA, Ip=50 kA, which has a large beta value (ST=29%, 
[image: image1.wmf]=0.6), has been chosen. It is the same case whose MHD equilibrium is shown in Section 4.5 (see Figs. 4.11 and 4.12) and is calculated with the same profile assumptions used for PROTO-SPHERA.

Its parameters are:

major radius R=0.178 m, minor radius a=0.103 melongation1.62. 

radius of the magnetic axis Raxis=0.19 m, poloidal cross-section area Spol=0.045 m2.

total ST plasma volume Vp=0.046 m3, radius of pinch at the X-point Pinch=0.10 m.

toroidal field: on axis Baxis~871 G (paramagnetism=2.08), at X-point BPinch~777 G.

toroidal ST plasma current Ip=0.05 MA, <j>=Ip/Spol=1.1 MA/m2, q95=1.0,  M=1 (H2).

The density limit of the ST of TS-3 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 plasma poloidal cross-section area and  is the elongation.

Therefore the density limit for TS-3 is: 
<nG> = 1.8•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 ohmic 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 ohmic 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 average electron temperature <Te>, evaluating a provisional ohmic input power and a provisional energy confinement, which give a revised

<Te>=ELG P/(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 the spherical torus of TS-3: <ne>=0.55•1020 m-3, Zeff=2 and ln=12,

the procedure converges to <T>=55 eV, which means

Vloop=2.5 V, POH=125 kW, PHI=0.5 MW, ELG~0.27 ms.

The profiles of electron density, temperature and total kinetic pressure of the equilibrium of Fig. 4.12 are shown in Fig. 8.1, as a function of the normalized equivalent cylindrical radius /a.
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Fig. 8.1. Equilibrium calculation for TS-3: Ip=50 kA, Ie=40 kA, ST=0.29.

 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=19.1[cm]•(mi/mp)1/2n[cm-3]1/2/(2.18•1011B[G])~0.75 s,

AX=1.03•10[cm] • (mi/mp)1/2n[cm-3]1/2/(2.18•1011B[G])~0.45 s.

The resistive time is calculated asR =0a2/~6.5 ms.

The representative Lundquist number of TS-3 is S=R /A~9•103.

For PROTO-SPHERA the waveforms of the screw pinch current Ie, of the ST toroidal plasma current Ip and of the compression coil current I'A' are calculated using the same inputs that produced the sequence of formation equilibria discussed in Section 4, shown in Figs. 4.5, 4.14, 4.15, 4.16 and 4.17. What is added in this Section is the time-scale that connects these equilibria.

Magnetic reconnections are required to form the ST from the screw pinch, either if the formation is mainly due to the inductive flux delivered by the PF compression coils to the pre-existing screw pinch or if the formation is dominated by the helicity injection from the unstable screw pinch to the spherical torus. Therefore the time required for the formation of PROTO-SPHERA must be extrapolated from the experimental results of the TS-3 flux-core spheromak by using the reconnection time-scale. TS-3 needed 80 s to reach a ratio Ip/Ie=50 kA/40 kA. The Sweet-Parker reconnection theory [95, 96] predicts that the reconnection rate scales like S1/2, the square root of magnetic Lundquist number. If the formation time is assumed to scale as S1/2, as the Lundquist number of TS-3 was S=R/Aaxis~9•103, the prescription for the formation time form=1.12•S1/2A, applied to TS-3 (Aaxis=0.75 s), gives the measured time form=80 s.

The time-scale for the formation of PROTO-SPHERA (S=1.2•105, Aaxis=0.55 s) can be calculated applying the prescription form=1.12•S1/2A =210 s in order to reach the same ratio Ip/Ie=5/4, which means Ip=75 kA. As a consequence a minimum resistive MHD time-scale of 350 s is required in order to reach Ip=120 kA. However, as it will be detailed in the following, the effect of the eddy currents over all the passive components inside the vacuum vessel introduces a further 650 s delay, therefore an overall time-scale of 1 ms is required for achieving Ip=120 kA.

8.2.
Cathode Heating Current Waveform

The first current waveform to be applied is obviously the cathode heating current waveform I'K'. The cathode heating current waveform I'K' is shown in Fig. 8.2. From the results of PROTO-PINCH a total cathode AC heating current I'K'=60 kA (rms.) at V'K'≤20 V (rms.) is required. The time for heating the cathode to 2600 °C and for reaching cathode filaments temperature equilibration is estimated to be ≥15 s, but a longer duration up to 30 s must be possible, in order to compensate additional unpredicted power losses from the cathode.
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Fig. 8.2.
Waveform of the cathode heating current I'K'. The two sketches mark with arrows the formation times of the stable screw pinch and the full current of the toroidal plasma.

The cathode current rise time will be 1 s, whereas the cathode voltage rise time will coincide with the filament heating time and will be ≥15 s. The cathode heating current I'K' will be switched off as soon as possible (presumably when the pinch current will have achieved its flat top value Ie=60 kA), with a decay time of about 100 ms. 

8.3.
Pinch Shaping Current Waveform
The second current waveform to be applied is the constant current PF coil waveform I'B' (group 'B'), which can be called the pinch shaping current. It starts at t=-0.1 s, rises up to its plateau value I'B'=1875 A in 0.1 s (see Fig. 8.3). It can be held at the plateau value for (at most) 1 s, with a voltage V'B'=350 V and with a ripple I'B'/I'B' of less than 5%.

[image: image4.wmf]
Fig. 8.3.
Waveform of the constant current PF coils I'B'. The two sketches mark with arrows the formation times of the stable screw pinch and of the toroidal plasma.

8.4.
Screw Pinch Current Waveform
The third current waveform to be applied is the pinch current waveform Ie. It starts at t=0.1, when the pinch shaping current is fully established, rises up to its stable pinch value I'B'=8.5 kA, where it is maintained, with a voltage Ve≤90 V (0.8 MW/8.5 kA) for at least 0.1 s (see Fig. 8.4).

The current Ie is thereafter increased, starting at t~t0-100 s, with a ramp-up time of about 500 s. As the inductance of the arc discharge is about Le=0.8 H, the ramp-up of Ie requires an additional voltage of about 1Ve=100 V, before the formation of the toroidal plasma. Therefore in this phase the total voltage on the pinch is Ve≤220 V (2.7 MW/22kA+100 V). At t=t0, when the current Ie has achieved about 22 kA (qPinch~1), the compression current I'A' is switched on.

At t~t0+120 s, when the current Ie has achieved about 35 kA, the formation of the toroidal plasma begins. As the inductance of the toroidal plasma is about Lp=80 nH and the rate of increase of the toroidal current is 120 kA in 1 ms, a loop voltage of at most Vloop=Lp(dIp/dt)=9.6 V is required. This voltage is almost entirely provided by the flux swing associated with the increase of the compression current, which creates over the region of the spherical torus a compressional loop voltage of about   Vcomp=9.1 mWb/1 ms=9.1 V. The missing loop voltage (if any) (Vloop-Vcomp~0.5 V): should be provided by helicity injection according to the formula                                2Ve=(Vloop-Vcomp)•(Ip/Ie)/0.25~8•(Vloop-Vcomp)~4 V. As the current Ie increases, during the formation of the toroidal plasma, with a longer ramp-up time of about 1 ms, an additional voltage of about 1Ve=50 V, is required. Therefore in this phase the total voltage on the pinch is Ve≤190 V (8.0 MW/60 kA+50 V+4 V).
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Fig. 8.4.
Waveform of the pinch current Ie, shown along with the toroidal plasma current Ip. The sketches mark with arrow the formation times of the stable screw pinch and of the compression of the toroidal plasma.

The plateau value Ie=60 kA is reached at t~t0+1.0 ms, where a toroidal current   Ip=120 kA is achieved. The estimated power for helicity injection PHI~0.6 MW implies that an additional voltage of about VeHI=PHI/Ie~10 V is required for sustaining the toroidal plasma current. The plateau value Ie=60 kA is maintained by a voltage Ve≤180 V (10.0 MW/60 kA +10 V) for at most 1 s, with a response time to perturbations of about 5 ms. 

8.5.
Compression Current Waveform
The last current waveform to be applied is the compression current waveform I'A', flowing in the poloidal field coils of group 'A'. It is switched on at t=t0 (see Fig. 8.5).
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Fig. 8.5.
Waveform of the compression current I'A', shown along with the toroidal

plasma current Ip. The sketches mark with arrows the formation times of the stable screw pinch and of the compression of the toroidal plasma.

It increases up to I'A'=500 A in about 0.5 ms. As the total inductance of the PF coils of group 'A' is L'A'= 14.2 mH, a maximum voltage up to V’A’≤15 kV is required during the first 500 s of the compression (see Fig. 8.6). Then the toroidal current in the spherical torus is increased by helicity injection to Ip=240 kA in about 10 ms; correspondingly the compression current has to increase to I'A'=1200 A, requiring a maximum voltage of about V'A'≤1 kV. Finally the equilibrium is sustained at   I'A'~1200 A with V'A'~100 V.
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Fig. 8.6.
Waveform of the compression voltage  V'A'.
8.6.
Eddy Currents Effect on the Formation Scenario
The effect of the eddy currents on the PROTO-SPHERA formation scenario has been evaluated by the finite element code ANSYS. This code takes into account the time evolution of the eddy current distribution over all the passive components inside the machine vacuum vessel. The active/passive elements included in the model are shown in Fig. 8.7, all of them are axisymmetric and continuous.

In more detail, the passive elements are the following:

•
Thin casings of the "Group A" poloidal field coils (PF1, PF5, PF3.2, PF6.1 and PF6.2), made in Inconel 625 with a resistive time constant of ~200 s;

•
Thick casings of the "Group B" poloidal field coils (PF2, PF3.1, PF4.1 and PF4.2) made in AISI 304 stainless steel with a resistive time constant of ~2 ms;

•
Two protection rings of coil PF2 (Ring5 in AISI 304 stainless steel and Ring2 in tungsten-Copper);

•
Two rings that sustain the overall poloidal field coil structure (Ring1 and Ring3, AISI 304 stainless steel);

•
The machine vacuum vessel in AISI 304 stainless Steel.

The spherical torus and the screw pinch plasma shapes have been fixed for all the formation sequence (see Fig. 8.7). All the plasma current values at the various time slices have been provided by the equilibrium code, but the second-order inductive effects due to the variations of the eddy currents inside the spherical torus and inside the screw pinch have not been included in the computation of the time evolution of the discharge.
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Fig. 8.7.
Active (poloidal field coils) and passive elements (rings and coil metal cases) included in the ANSYS model for the eddy current evolution. Also a scheme of the spherical torus and of the screw pinch plasma is shown.
The waveforms of the currents in the poloidal field coils have been imposed, since the power supplies are considered as ideal.

The behavior of the induced currents (see Tab. 8.1) has been determined iteratively, keeping constant the current waveforms in the poloidal field coils. As a first guess, as input to the ANSYS code, the time sequence described by the equilibria of Section 4 has been used: Ip=30 kA at t=t0+250 s; Ip=60 kA at t=t0+500 s; Ip=120 kA at    t=t0+1 ms; Ip=240 kA at t=t0+10 ms (see Fig. 8.4).

Then the resulting eddy currents have been fed back into the free boundary equilibrium code, by changing the ULART toroidal current Ip in such a way as to make it compatible with the external field. The process has been iterated until all the plasma currents in the spherical torus and in the screw pinch as well as the eddy currents in the passive elements inside the vacuum vessel have reached convergence (few %). The method converges typically in three or four iteration.

	Coil/mat.
	 Total current [A] = ( j dS  vs. time [ms]

	
	0.00
	0.25
	0.50
	1.00
	10.00

	PF5/copper
	0.0
	-9254.2
	-14472.2
	-22978.
	-37000.

	Case/inconel
	-1.2
	3687.8
	676.0
	-884.1
	-167.0

	PF1/copper
	0.0
	-18507.
	-28941.9
	-45954.
	-73999.

	Case/inconel
	-3.1
	7708.7
	3790.6
	1679.
	74.6

	PF2/copper
	89996.
	89994.
	90000.
	90001.
	89997.

	Case/S.S.
	-15.1
	418.9
	410.8
	110.7
	-120.3

	PF3.1/copper
	44999.
	45001.
	45002.
	45001.
	45000.

	Case/S.S.
	-132.3
	1285.0
	2941.7
	4038.7
	-214.3

	PF3.2/copper
	0.0
	2868.9
	4498.8
	7163.
	11560.8

	Case/inconel
	-2.0
	-890.5
	-665.3
	-616.0
	-97.3

	PF4.1/copper
	-33750.
	-33748.
	-33748.4
	-33749.
	-33748.

	Case/S.S.
	27.4
	-500.2
	-886.3
	-805.9
	-138.4

	PF4.2/copper
	-33750.
	-33750.
	-33750.
	-33750.
	-33750.

	Case/S.S.
	77.4
	-1066.5
	-1962.6
	-3008.4
	-1138.6

	PF6.1/copper
	0.0
	-2299.3
	-3605.3
	-5735.1
	-9249.1

	Case/inconel
	-1.9
	612.3
	376.3
	326.1
	12.1

	PF6.2/copper
	0.0
	2299.4
	3605.6
	5735.3
	9249.0

	Case/inconel
	1.2
	-585.3
	-392.8
	-353.0
	-57.2

	Vac.Vessel/S.S.
	46.7
	120.1
	18.3
	-776.6
	-3453.3

	Ring1/S.S.
	-8.2
	1679.1
	2614.4
	1425.5
	-455.9

	Ring2/W-Cu
	-732.2
	-7973.4
	-14571.7
	-18526.2
	-10204.2

	Ring3/S.S.
	-8.8
	-312.2
	-612.6
	-1054.6
	-732.8

	Ring5/S.S.
	-8.7
	855.5
	868.0
	187.6
	-98.6

	SphericalTorus
	0.0
	15001.
	50004.6
	120011.
	240022.

	Screw Pinch
	0.0
	103469.
	212570.
	299506.
	421959.


Table 8.1.
Time evolution of the PROTO-SPHERA eddy currents.

The result of this procedure is that the formation scenario reported in Tab. 8.1 is compatible with the eddy current of the PROTO-SPHERA device, i.e.:

Ip=15 kA at t=t0+250 s; Ip=50 kA at t=t0+500 s; Ip=120 kA at t=t0+1 ms; Ip=240 kA at t=t0+10 ms.

Fig. 8.8 shows the comparison between the "ideal" equilibrium of Section 4 at t=t0+500 s (Ip=60 kA) and the "effective" equilibrium obtained at the same time slice, including the eddy current effects (Ip=50 kA), with the same currents in the poloidal field coils. Also the difference in the equilibrium vacuum field is shown.
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Fig. 8.8.
Comparison between "ideal" and "effective" PROTO-SPHERA equilibria at t=t0+500 s. Poloidal flux maps of:

a) Equilibrium without eddy currents (Ip=60 kA).

b) Vacuum field without eddy currents.

c) Equilibrium with eddy currents (Ip=50 kA). 

d) Vacuum field with eddy currents.

A similar comparison for "ideal" and "effective" equilibria at t=t0+1 ms (Ip=120 kA) shows that at this time slice the eddy current effects are weak enough to allow for obtaining the same plasma current as in the "ideal" case of Section 4.

In conclusion, the eddy current analysis provides the following results.

1. The rise of the toroidal current in the spherical torus is slightly delayed. In fact Ip is ~15 kA 250 s after t0 (it would be 30 kA, if the eddy currents were neglected) and Ip~50 kA 500 s after t0 (it would be 60 kA, if the eddy currents were neglected). This effect could be probably minimized with an earlier discharge of the capacitor bank feeding the PF coils of "Group A".

2. It is not possible to rise Ip up to the maximum value of 240 kA in about 1 ms. This is essentially due to the eddy currents induced by coils PF6.1 and PF6.2. These two coils are required in order to tailor the shape of the screw pinch near the electrodes (cathode and anode). If a faster rise of their currents were applied, the screw pinch would not fit the electrodes, due to the eddy currents that the PF6.1 and PF6.2 would induce in the thick metal cases of PF3.1 and PF4.2. This effect implies that, after the first ms, the ST current must raise up to Ip=240 kA quite slowly (~10 ms), relying upon an effective helicity injection.

3. The eddy current density is quite high in the passive element Ring2 (the  tungsten-copper protection of coil PF2): it locally rises up to the value of       34.1 A/mm2 at t=t0+500 s. Anyhow, the short duration of the formation scheme prevents all thermal load problems to this protection ring. Even the electromagnetic forces due to the eddy currents are a small perturbation with respect to the forces acting among the PF coils. 
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