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Outline	
	
	
•	PROTO-SPHERA	has	achieved	the	full	Phase-1	current	(10	kA)	of	Plasma	Centerpost	
	
•	Surprise:	the	experiment	now	produces	rouFnely	Argon	&	Hydrogen	Toroids	
	
•	DC	voltage	on	Centerpost	electrodes	drives	Toroidal	Current	(magneFc	reconnecFons)	
	
•	In	2019:	an	intermediate	Phase-1½		for	moving	to	Phase-2	on	sound	bases	
	
•	End	of	2021:	Phase-2	experiment	ready	to	produce	plasma	
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Plasma	confining	current	inside	Torus:	
induced	and	sustained	by	a	transformer	
whose	current	varies	in	<me	…but	there	
are	limits:	the	transformer	will	break	
beyond	a	given	current	limit…	

• The	plasma	ohmic	drive	in	a	Tokamak:
moving	closed	flux	surfaces,	“feeding”
the	 plasma	 from	 outside,	 they	 are
dissipated	 while	 they	 move	 toward
the	magne<c	axis

• In	tokamaks	this	process	is	due	to	the
transformer	current	change:

• Tokamaks	cannot	have	steady	drive!

Tokamak	drive:	AC	currents,	induc<on	





Cylindrical	vacuum	vessel	geometry	
has	obvious	advantages!	

ç	 	easy	to	access	&	and	to	repair…	

•  “Conven<onal	 Tokamak”:	 magne<c	
surfaces	of	toroidal	plasma	surround	a	
“Metal	Centerpost”	

Toroidal	geometry	of	Vacuum	vessel	
	

•  PROTO-SPHERA:	magne<c	surfaces	of	
toroidal	 plasma	 surround	 a	 “Plasma	
Centerpost”;	 slim	 metal	 external	 legs		
return	the	current	

Cylindrical	geometry	of	Vacuum	vessel	
…but	electrodes	required	inside	vessel		

The	main	idea	of	PROTO-SPHERA	

Electric	current	flow	
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Spheromak tilt instability is due to 
dipole of containing field opposite to toroidal plasma current dipole

“Group A” PF coils (compression coils)
dipole moment opposes Plasma dipole
but “Group B” PF coils (shaping coils)
dipole moment is aligned to Plasma dipole

DISK‐SHAPED ELECTRODE‐FACING PLASMA GUARANTEES IDEAL MHD STABILITY

Cutting shorter & shorter
the plasma centerpost

PROTO‐SPHERA at 120 kA
of toroidal current in ST

gets destabilized;
in absence of cutting

stability extends to 240 kA
of toroidal current in ST 

Stable ←  → Unstable

Ideal MHD stability of PROTO‐SPHERA





Down:	3000º	K	heated	cathode		
Phase-1	(present)	cathode	

(54		=	18	x	3		W	emizers):	aim	10	kA	

Phase-2	cathode,	6	x	Phase-1	
(324	=	108	x	3	W	emi_ers):	aim	60	kA	

“Caduceus”-like	W	emivng	spirals	
have	now	survived	>	1500	cycles	

May	2015	annular	
anode	lowered	

on	top	of	machine	

Up:	hollow	gas-puffed	anode	

Low	voltage	(100-350	V)	
between	electrodes	

	

at	high-field	tokamak	
plasma	density	~	few	•	1020	m-3	

PROTO-SPHERA	Electrodes	
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Plasma	rota<on	in	Tokamaks		
always	stabilizes	the	plasma	

best	way	of	injec<ng	fuel	is		
from	inboard	(high	field	side)	

#977,	10	kA	Hydrogen	
break-down	Ve	~	320	V,	steady	Ve	~	200	V	

#614,	8.5	kA	Argon	
break-down	Ve	~	90	V,	steady	Ve	~	200	V	

PROTO-SPHERA	Plasma	Centerpost	rotates	
&	therefore	avoids	anode	arc-anchoring	

(Pisa	University	&	its	PlasmaTech	spin-off)	line-averaged	electron	density	on	plasma	equator:	
in	Argon	Centerpost		<ne>	~ Ie		
at	Ie	=10	kA,	<ne>	~ 4•1020	m-3

in	Hydrogen	Centerpost	
at	Ie	=10	kA,	<ne>	~ 1.5•1020	m-3

Anode	arc-anchoring	means	
that	a	plasma	arc	discharge	
is	localized	on	an	anode	spot	
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In	absence	of	Torus	formaSon	 With	Torus	formaSon	

Ie=	3	kA	 Ie=	5	kA	 Ie=	10	kA	

ITorus=	5	kA	Torus	forms	at	the	expected	current:	Ie	~	8	kA	
#1098,	Argon	 #1096,	Argon	

#1091,	Argon	

March	2018	Torus	formed	in	Argon	plasmas	
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The	“gentle	Divertor”	of	the	(barely	visible)	Argon	Torus	

lower	Divertor	fan	is	dominant	&	slightly	shiVs	down	the	Torus		





The	Argon	Torus	has	been	sustained	for	up	to	½	sec	

#1160,	Argon,	X-points	fit	IST=5	kA	

Argon	Torus	
break-down	Ve	~	200	V	

steady	Ve	~	220	V	
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