REACTOR EXTRAPOLABILITY OF

PROTO-SPHERA

PROTO-SPHERA is an experiment containing a relevant component of scientific risk, but its success could lead to a larger size and more fusion oriented experiment.

The three major and down-to-earth points that have to be demonstrated on PROTO-SPHERA are that the formation scheme is effective and reliable, that the combined configuration can be sustained in 'steady-state' by DC helicity injection and that the energy confinement is not worse than the one measured on spherical tori. 

If all these three points are met, the competition toward small and compact fusion reactor could be enriched by a new entry.

1. Extrapolation of PROTO-SPHERA with electrodes

Here, as an exercise, it is shown that scaling by a factor of about 5.5 in linear dimensions the PROTO-SPHERA experiment, increasing the plasma elongation from =2 to =3 and increasing the current density both in the plasma as well as in the coils by a factor of 1.5, one could approach a D-T burning plasma.

The main parameters would become:

· Radius of the spherical torus


Rsph = 1.95 m

· Minimum radius of central pinch


Pinch(0) ≤ 0.18 m

· Pinch length




LPinch = 10.8 m

· Major radius




R = 1.05 m

· Minor radius




a = 0.87 m

· Aspect ratio




A = 1.21

· Elongation with DN divertor


= 3.0

· Maximal plasma current with q≈ 3

Ip = 24.3 MA 

· Current in central screw pinch


Ie  3.28 MA

· ...corresponding to toroidal field


BT0 = 0.6 T  at R = 1.08 m

· ... ... including paramagnetism


BT = 2.7 T  at R = 1.08 m

· Spherical torus volume



Vp = 32.4 m3
· Poloidal surface of spherical torus

Sp = 5.8 m2
· Poloidal perimeter of spherical torus

lp = 10.9 m
· Greenwald density limit



<ne> = 1021 m-3
· Total toroidal beta




T = 32%

· Poloidal beta




pol = 0.29

· Beta normalized through Ip/aBT0


N0 = 0.69
· Beta normalized through Ip/aBT


N = 3.6
As the D-T fusion power, in the selected temperature range, can be expressed as:

PfusDT = (Efus/4) 1.2 10-24 <ne>2 <Te>2 Vp (W, J, m-3, keV, m3),

looking for a solution with <ne>=4•1020 m-3 and <Te>=10 keV.

one obtains PfusDT =440 MW ,  P=88 MW.

Then the confinement is evaluated, with P=88 MW, using the Lackner-Gottardi scaling law multiplied by an H factor H=2, and E=0.94 s is obtained, corresponding to <Te>=12.7 keV, which should guarantee the burning.

Under these conditions the power to be released by helicity injection, in order to sustain 24.3 MA of toroidal plasma current, is really low and can be evaluated as     PHI =4•POH=1.1 MW. However the resistivity of a plasma centerpost remains always larger than the resistivity of a corresponding copper centerpost (which is usually assumed to be technically limited to Ip/Itf≈1), unless a plasma temperature TPinch≈700 eV is achieved. Nevertheless, if a plasma centerpost configuration yields by helicity injection Ip/Ie≈7, the increase in linear dimensions and in current density of the central pinch makes the plasma centerpost competitive for the power dissipation with the copper centerpost, even if only the much lower plasma temperature TPinch≈200 eV is achievable. The power dissipated in the central screw pinch, assuming that the electron pinch temperature could be raised up to TPinch=200 eV, would be         PPinch=55 Zeff, Pinch MW.

The increase of the temperature of the central pinch to a many-hundreds-eV temperature regimes remains indeed the most critical point in the reactor extrapolation of PROTO-SPHERA, unless a real breakthrough could be achieved in understanding and designing the electrodes-pinch plasma interaction. On the base of the present know-how one had better to consider as reactor-oriented a configuration in which the plasma is initiated by electrodes, like in PROTO-SPHERA, but is then sustained in absence of electrodes.

2. Electrodeless extrapolation of PROTO-SPHERA

A quite imaginific reactor extrapolation of PROTO-SPHERA would be to sustain the central "pinch" discharge without electrodes, transforming it into a closed field line plasma (electrodeless SPHERA configuration). A magnetic confinement scheme very similar to the one of PROTO-SPHERA can be obtained superposing two axisymmetric relaxed states (force-free fields), each with 

=

, both having the same value of the relaxation parameter. The first relaxed state is the Chandrasekar-Kendall force-free field, which in spherical geometry (r,,) admits, for every order n and for every relaxation parameter , the poloidal flux function:



, where 

 is the spherical Bessel function of order n, which has its m-th zero at (r)=

 and 

 is the order-n, index-1 Legendre polynomial. The second relaxed state is the Furth square-toroid force-free field, which in spherical geometry (r,,) admits, for every relaxation parameter and for any value of the auxiliary parameter , the poloidal flux function:



,

where J1 is the order-1 Bessel function.

The superposition is made for order n=1 functions. The relaxation parameter is chosen as =

=14.066194..., so that within a unitary circle 4 zeroes of 

 are present in the Chandrasekar-Kendall field (Fig. 1). The parameter  of the square toroid field is chosen as 

=2.026309, so that at R=0, Z=x1,3/x1,4=0.775201 the zeroes of 

 and of 

 coincide (Fig. 2).
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Fig. 1. Contours of the poloidal flux function  for: (a) Chandrasekar-Kendall force-free field of order n=1 

, with relaxation parameter =14.066194...; (b) Furth force-free square toroids 

 with  =14.066194... , =2.026309...

The superposition of the two force-free fields is written as 

, where the constant influences the topology of the field, as shown in Fig. 2. In the following the value ≈0.40 has been chosen as a reasonable modelling of the almost force-free configuration of PROTO-SPHERA.

[image: image2.wmf]
Fig. 2. Contours of the poloidal flux function of force-free field 

+

 with relaxation parameter =14.066194...  and square toroid parameter =2.026309...: (a) =0.089; (b) =0.273; (c) =0.402. The coloured regions correspond to positive toroidal current density j>0, the white regions to negative j<0.

Fig. 3 shows the schematic of the resulting relaxed state. In order to sustain the configuration, the surrounding "pinch" discharge of an electrodeless SPHERA configuration must now be sustained by driving current along the closed field lines, through an appropriate radiofrequency current drive method. In this situation the electron temperature of the surrounding "pinch" could easily rise to a multi-keV regime, making negligible the ohmic power dissipation, but the power required for the current drive should instead be considered in the reactor power balance. 

[image: image3.wmf]
Fig. 3. Schematic of TAW injection on an electrodeless SPHERA configuration. The field lines on the inside and on the outside of the "pinch" discharge are shown in blue. The red arrows mark the directions of the torque applied by the TAW.

The most appealing, albeit unexplored, method could be to use Torsional Alfvén Waves (TAW), i.e. to inject opposing torque on the internal and on the external surrounding "pinch" discharge (see Fig. 3). The plasma and the magnetic field of the "pinch" discharge will torque until magnetic reconnections will occur at the X-points of the configuration, injecting helicity into the spherical torus. TAW have the advantage over other plasma waves of having the lowest frequency and the highest momentum/energy ratio in their "photons" P/E=vAlfvén«c. These waves act in many astrophysical systems (either being injected from the outside or being produced inside the systems) as current drivers. As obviously there are no externally applied electromotive forces in the cosmos, the drivers are convective forces pushing the fluid, whose motion 
[image: image4.wmf] deforms 
[image: image5.wmf], the deformed 
[image: image6.wmf] creates 
[image: image7.wmf] and induces
[image: image8.wmf].

It must be noted that two secondary tori (divertor tori) are present on top and bottom of the configuration, produced by the same magnetic reconnections which sustain the main spherical torus. A machine embodiment of this configuration is shown in Fig. 4. 

[image: image9.wmf]
Fig. 4. Schematic of an electrodeless SPHERA configuration. 
This plasma configuration should be initiated by electrodes, driving unstable a screw-pinch discharge, just with the same technique that will be used in PROTO-SPHERA, see Fig. 5. As soon as the spherical torus forms around the unstable screw pinch the TAW injection should be applied, injecting opposing torque on the internal and on the external surrounding "pinch" discharge, in order to form the required (quasi-)relaxed state. An initial configuration with sufficient helicity and energy will spontaneously relax to a force-free relaxed state, given appropriate boundary conditions. Although the boundary conditions, provided by the PF coils, is the appropriate one for the electrodeless final configuration, the formation and the sustainment of the two secondary (divertor) tori could be another major challenge in setting up and maintaining the electrodeless SPHERA configuration.  

[image: image10.png]



Fig. 5. Schematic of the formation of an electrodeless SPHERA configuration, obtained by driving unstable a screw pinch discharge. The initial and final configurations are superposed.
An obvious modification could be to help the formation and the sustainment of the electrodeless configuration by adding to the machine two superconducting levitated rings in the centre of the divertor tori, see Fig. 6. It is quite clear this would be a major engineering complication. Although the net magnetic force acting upon the two levitrons in presence of the plasma is luckily almost zero, the gravity force remains to be compensated magnetically, which implies a dissimetrization with respect to the equatorial plane. 
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Fig. 6. Schematic of an electrodeless SPHERA configuration with two superconducting levitated rings. The magnetic filed structure shown does not account for the need of counteracting the gravity force on the two levitrons.
Whether the dissimetrized magnetic of the levitrons sustainement is still compatible with the plasma configuration has not yet been assessed. Also the formation scheme of the configuration, in presence of the two levitrons, has not yet been detailed.

Should all the challenging difficulties connected with an electrodeless SPHERA configuration be solvable (efficient helicity injection through TAW, proper formation of the two secondary tori or insertion of two levitrons), the present current density limit in superconducting materials would allow for an increase of a factor of ≈30-40  in the current density through the poloidal field coils, with respect to PROTO-SPHERA, which is limited by the electrode-plasma current density. Therefore also the current density in the plasma could increase by the same factor ≈30-40. This would open the possibility of a D-T (or even D-3He or other aneutronic fuels) burner with a very small size (not much larger than the size of PROTO-SPHERA). Also the geometry of the field should allow for an unimpeded outflow of all the high energy charged fusion products through the triple X-point on top and bottom of the configuration, allowing for a direct energy conversion and the natural use of the reactor as a space thruster.

3. Parameters of electrodeless SPHERA configurations

The fusion performances of an electrodeless SPHERA configuration are studied as a function of the geometric size and of the plasma current, both for a D-T burner as well as for a D-3He burner. The minimum geometrical size considered (which will be quoted as 1xL in the following) corresponds for the spherical torus to a major radius RST=0.53 m, minor radius aST=0.40 melongationST=3.33, total ST plasma volume VST=5.6 m3, radius of the pinch on the equator Pinch=0.13 m, qST=5.0,  M=2.5 (both for nD=nT as well as for nD=n3He).

The average magnetic field in the configuration is estimated by: B=0 IST / (4aST) [MKS]. The electrodeless SPHERA configuration will not be a fully relaxed state, as a matter of fact if the equation 
[image: image12.wmf]=0 did hold all over the plasma, it would imply that 
[image: image13.wmf]=0 and therefore that the kinetic pressure would be p=0 all over the plasma. A possible equilibrium is one in which p=constant all over the spherical torus and the secondary tori, whereas the surrounding "pinch" discharge holds all the required 
[image: image14.wmf] through a an almost "skin" toroidal current. This can be justified as, before the onset of the nuclear heating, all the power and all the particles would be input into the ST by helicity injection through its boundary, and thereafter carried to the central magnetic axis by magnetic relaxations. This mechanism should lead to quite flat temperature and density profiles, which in presence of nuclear heating should again produce a flat pressure profile. Although such equilibrium remains to be calculated, one can estimate the perturbation in the total field due to the "skin" toroidal current Iskin. As Iskin=2aST/B, the perturbed field increases the field on the poloidal coils by B=/4. As the  values of interest for a high field (6-12 T) reactor are at most 0.5, it means that the perturbed field is quite small:B/B≈0.1.

The same 1xL minimum geometrical size reactor corresponds for the closed field line "pinch" discharge to the simplified geometry shown in Fig. 7. A further plasma volumeVsec=1.5 m3 is included in the two secondary tori, leaving for the volume of the surrounding "pinch" discharge Vpinch=3.7 m3. The ratio between the toroidal current in the spherical torus Ip and the longitudinal current in the surrounding "pinch" discharge Ie is fixed to IST/Ipinnch=4.

The central "pinch" discharge is described, for the 1xL size, as a cylinder with length Lpinch= 5 m. Operating the average of (1/surface)2, which is the relevant quantity for the ohmic dissipation power, on the simplified geometry for the 1xL size, it turns out that the average surface of the surrounding "pinch" discharge is <Spinch>=0.33 m2. Converting these numbers into an equivalent toroidal discharge yields a major radius Rpinch=1.78 m, minor radius apimch=0.32 melongationpinch=1.0, qpinch=0.28.
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Fig. 7. Simplified geometry for the 1xL minimum size surrounding "pinch" discharge.
The total energy confinement time is evaluated from the semiempirical Lackner-Gottardi L-mode plateau-scaling:

E=120 H I0.8R1.8a0.4<ne>0.4q0.4M0.5Pinput-0.6/(1+)0.8  [ms; MA, m, 1020 m-3, a.m.u., MW], where a confinement improvement factor H has been inserted.

The estimation of the charged-particle fusion power is derived (Te=Ti) as:

P=1.7•10-37 < ne >2 < Te >2 VST  [MKS, keV] for D-T reactions in the range 7<Te<25 keV, where Pfus=5 P, and 

Pfus =Pcharged=7•10-39 < ne >2 < Te >2 VST  [MKS, keV] for D-3He reactions in the range 50<Te<80 keV.

The estimation of the ohmic power POH=I Vloop comes from the Spitzer conductivity:

=3•103 < Te >3/2 / Zeff [siemens; Coulomb logarithm ln, eV, ion effective/proton charge, assuming Zeff=1 in D-T and Zeff=5/3 in D-3He]

The energy confinement is estimated by an iterative procedure, starting from a guessed volume average electron temperature < Te >, evaluating either an "ohmic" or a fusion charged-particle input power and a provisional energy confinement, obtaining a revised

< Te >=ELG Pinput/ (3•1.6•10-19 < ne > Vp)
[eV; s, W, m-3, m3] in D-T or

< Te >=ELG Pinput / (2.5•1.6•10-19 < ne > Vp)
[eV; s, W, m-3, m3] in D-3He,

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

The beta value of the configuration is estimated as:

=8•10-22 < ne > < Te > / B2 [MKS, keV] for D-T plasmas and

=1•10-21 < ne > < Te > / B2 [MKS, keV] for D-3He plasmas.

The Alfvén velocity is calculated as vA=1.95•1016 B/ne1/2 for nD=n3He or as vA=2.39•1016 B/ne1/2 for nD=nT and the Alfvén time in the surrounding "pinch" discharge is A=apinch/vA. The resistive time is calculated in the surrounding "pinch" discharge asR =0apinch2 The Lundquist number is S=R/A=0apinchvA  and the reconnection time is rec=apinchS1/2 /vA. A rough estimate of the Torsional Alfvén Waves absorbed power density required to sustain the electrodeless SPHERA configuration is derived by balancing the time derivative of the angular momentum L of each of the two (counter-rotating) half cylinders rotating with angular speed =2/rec with the torque T imparted by the absorbed TAW, dL /dt = L / rec = T . The total absorbed power is:

PTAW= (3/2) 4.17•10-27 2 Lpinch vA2  < ne > / (0 )

A number of limits have been considered in performing the exercise:

1. the density limit of the ST is evaluated by using the Greenwald density limit, which fits well the START data: < ne > ≤ < j >ST [1020 m-3, MA/m2];

2. the technological limit B≈13 T for superconducting coils;

3. the technological limit Pneut/Swall≤5 MW/m2 for the continuous D-T neutron wall loading, where the surface of the wall is assumed for the 1xL size Swall=50 m2;

4. the largest size considered has been a 4xL unit size (means a cylinder 20 m high).

The "ohmic" start-up of the configuration is calculated to occur in D-T, also for the D-3He rector scenarios, where an opportune fuel mixture of D-T-3He is necessary to achieve the ignition. The "ohmic" start-up of all configurations occurs at an electron density which is 60% of the final electron density.

4. D-3He reactors

As far as the D-3He scenario is concerned, assuming no confinement improvement (H=1), Table 1 is obtained. A neutron power emission (from D-D reactions) Pneut≈78 MW is still present. The density limit does not pose any problems, whereas the 13 T limit seems to reduce the table to the first row (largest size 4xL option).

RST (m)
IST 

(MA)
<j>ST (MA/m2)
< ne > (m-3)
<Te > (keV)
B

(T)

E

(s)
Pfus (MW)

2.12 (4xL) 
200
7.5
4•1020
80
12
0.22
1.8
2600

1.06 (2xL) 
200
30.0
1.3•1021
70
24
0.16
0.65
2600

0.53 (1xL) 
200
120
4•1021
60
48
0.10
0.25
2300

Table 1:  D-3He reactor scenarios without confinement improvement, H=1.

Always for the D-3He scenario, assuming a confinement improvement (H=2), Table 2 is obtained. A neutron power emission (from D-D reactions) Pneut≈19 MW is still present. The density limit does not pose any problems, whereas the 13 T limit seems to reduce the table to the first two rows (size 4xL and 2xL options).

RST (m)
IST

 (MA)
<j>ST (MA/m2)
< ne >

(m-3)
<Te > (keV)
B

(T)

E

(s)
Pfus 

(MW)

2.12 (4xL) 
100
3.75
2•1020
80
6
0.45
3.6
642

1.06 (2xL) 
100
15
6.6•1020
70
12
0.33
1.23
670

0.53 (1xL) 
100
60
2•1021
60
24
0.21
0.5
560

Table 2:  D-3He reactor scenarios with confinement improvement, H=2.

Finally for the D-3He scenario, assuming a large confinement improvement (H=4), Table 3 is obtained. A neutron power emission (from D-D reactions) Pneut≈5 MW is still present. The density limit and the 13 T limit do not pose any problems.

RST (m)
IST 

(MA)
<j>ST (MA/m2)
< ne >

(m-3)
<Te > (keV)
B

(T)

E

(s)
Pfus
(MW)

1.06 (2xL) 
50
7.5
3.3•1020
70
6
0.64
2.45
168

0.53 (1xL) 
50
30
1•1021
60
12
0.42
1.0
142

Table 3:  D-3He reactor scenarios with confinement improvement, H=4.

A first general comment is that huge plasma currents have to be driven inside a D-3He  reactor, although the current density is not much larger than the one achieved in tokamak plasmas. 

Another general comment is that the improved confinement would obviously help in reducing the size of the reactor, but at the price of increasing the  value, which could be pushed beyond the stability limit (which remains to be investigated).

As far  D-3He reactors are concerned, the three relevant cases considered in Table 1 and 2 have been studied for the "ohmic" D-T start-up and for the D-3He ignition through a variable mixing of D-T-3He, see Table 4. The times form and D-3He represent, respectively, the time needed to form the configuration at full current in D-T and the time needed to reach ignition in D-3He, through an opportune fuel mixture of D-T-3He. The equivalent ohmic input power Poh required to reach the initial "ohmic" pinch and spherical torus temperatures Tpinchoh and TSToh is almost equivalent to the estimate of the TAW power PTAW required before nuclear power is developed.

RST 

(m)
IST 

(MA)
neform 

(m-3)
Tpinchoh  (keV)
H
TSToh  (keV)
Poh

(MW)
vA

(m/s)
PTAW (MW)
form

(s)
D-3He

(s)

2.12 (4xL) 
200
2.4

•1020
7.6
1
9.3
18.1
1.5

•107
26.5
360
6

1.06 (2xL) 
100
3.9

•1020
5.3
2
6.4
12.4
1.2

•107
23
100
10

2.12 (4xL) 
100
1.2

•1020
3.8
2
6
11.1
1.1

•107
19.2
200
15

Table 4:  D-3He reactor scenarios with H=1 and H=2; start-up in D-T.

A first general comment is that times of many hundreds of seconds are needed to achieve the huge currents required for a D-3He reactor. 

A second comment is that D-3He ignition is achievable through D-T preignition only through the absorbed TAW power, anyway required to form the configuration. The transition from D-T preignition to D-3He ignition takes a time of about 10 s; during that time a pulse of neutron power of about 1-5 GW will be released to the wall, with a neutron wall loading of 4-7 MW/m2. 

5. D-T reactors

As far as the D-T scenario is concerned, assuming no confinement improvement (H=1), Table 5 is obtained. The density limit does not pose any problems, whereas the neutron wall loading reduces the table to the first two rows (4xL and 2xL options).

RST (m)
IST 

(MA)
< ne >

(m-3)
<Te > (keV)
Pneut/Swall

(MW/m2)
B

(T)

E

(s)
Pfus 

(MW)

2.12 (4xL) 
32.5
2.6•1020
9
1.7
1.9
0.49
1.3
1670

1.06 (2xL) 
32.5
7.8•1020
8
5.9
3.8
0.32
0.46
1480

0.53 (1xL) 
32.5
2.3•1021
7
19.7
7.6
0.21
0.17
1230

Table 5:  D-T reactor scenarios without confinement improvement, H=1.

Always for the D-T scenario, assuming a confinement improvement (H=2), Table 6 is obtained. The density limit does not pose any problems, whereas neutron wall loading makes marginal the last row (minimum size 1xL).

RST (m)
IST 

(MA)
< ne >

(m-3)
<Te > (keV)
Pneut/Swall

(MW/m2)
B

(T)

E

(s)
Pfus 

(MW)

2.12 (4xL) 
16.25
1.3•1020
9
0.4
0.95
0.99
2.53
417

1.06 (2xL) 
16.25
3.9•1020
8
1.5
1.9
0.66
0.92
370

0.53 (1xL) 
16.25
1.2•1021
7
5.3
3.8
0.44
0.35
333

Table 6:  D-T reactor scenarios with confinement improvement, H=2.

Finally for the D-T scenario, assuming a large confinement improvement (H=4), Table 7 is obtained. The density limit and the neutron wall loading do not pose any problems. The large confinement improvement could even make feasible a very small size reactor (1/2•L), i.e. same size as PROTO-SPHERA, but much larger currents).

RST (m)
IST 

(MA)
< ne >

(m-3)
<Te > (keV)
Pneut/Swall

(MW/m2)
B

(T)

E

(s)
Pfus 

(MW)

1.06 (2xL) 
8.125
2•1020
8
0.4
0.95
1.34
1.84
98

0.53 (1xL) 
8.125
6•1020
7
1.3
1.9
0.88
0.66
84

0.26 (1/2xL) 
8.125
1.8•1021
6
4.2
3.8
0.55
0.27
66

Table 7:  D-T reactor scenarios with confinement improvement, H=4.

A first general comment is that the plasma currents that have to be driven inside a D-T reactor are a factor of 6 lower that the currents in a D-3He reactor, and the current density is less or equal to the one achieved in tokamak plasmas. However the required  values for a D-T reactor are much higher (typically by a factor of 2) and obviously the wall loading are much worse with respect to those implied by a D-3He reactor.

Another general comment is that the improved confinement would obviously help in reducing the size of the reactor, but at the price of increasing the  value, which could be pushed beyond the stability limit (which remains to be investigated).

The two most interesting cases of D-T reactors considered in Table 5 and 6 have been studied for the start-up and for the ignition, see Table 8. The times form represents the time needed to form the configuration at full current. The equivalent ohmic input power Poh required to reach the initial "ohmic" pinch and spherical torus temperatures Tpinchoh and TSToh is almost equivalent to the estimate of the TAW power PTAW. However, due to the lower currents with respect to the D-3He cases, the D-T ignition is not achievable through the absorbed TAW power, so an additional power Padd is needed to reach ignition over a time D-T.

RST 

(m)
IST 

(MA)
neform 

(m-3)
Tpinchoh  (keV)
H
TSToh  (keV)
Poh

(MW)
vA

(m/s)
PTAW (MW)
Padd

(MW)
form

(s)
D-T

(s)

1.06 (2xL) 
32.5
4.7

•1020
1.6
1
2.0
9.6
3.4

•106
13.9
75
9
3

1.06 (2xL) 
16.2
2.3

•1020
1
2
1.3
4.8
2.4

•107
6.8
90
5
1

Table 8:  D-T reactor scenarios, start-up.

A first general comment is that times of many seconds are needed to achieve the currents required for a D-T reactor. The additional power required to reach the ignition is in the range of about 100 MW, and the fusion power is achieved in 1-3 s.

6. Conclusions

Leaving aside these imaginific and not down-to-earth scenarios, the extrapolability of PROTO-SPHERA to a reactor depends anyway critically upon the ratio between the current inside the spherical torus and the current in the central pinch (efficiency of the helicity injection), which in turn depends also on the compression limit. The limit to the compression of the pinch can be influenced by the elongation of the spherical torus and can be limited by MHD instabilities. Also the behaviour of the energy confinement and the  limit are critical to any reactor extrapolability of PROTO-SPHERA. Finally the efficiency of Torsional Alfvén Waves as current drivers in a laboratory plasma is up to date unknown and must be explored. The PROTO-SPHERA experiment should be able to provide relevant data about all these down-to-earth points, which are obviously preliminary to any reactor considerations. 
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