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The first plasmas obtained in PROTO-SPHERA at Frascati

F. Alladio, Centro Ricerche ENEA, Frascati C.P. 65 (Roma) franco.alladio@enea.it
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Why a new and different magnetic confinement device?
1994: Jurassic Park!

How to form a Spherical Torus around a Plasma Centerpost:
1994-1997

Before the construction of the experiment
two issues were addressed: 1997-2002

e reliability of electrodes

¢ ideal MHD stability of the magnetic configuration

An old vacuum chamber, as a gift from Great Britain,
started the construction of the experiment: 2003-2013

7
e PROTO-SPHERA got its first plasma centerpost: 2014-2015 ‘



Why a new and different magnetic confinement device? one reasonis ... “disruption”

Alan Ware & Thomson ... Even if the muttered mantra is that tokamak physics is perfectly known ...
Imperial College 1947.

MHD instabilities appeared since v
the earliest toroidal magnetic S’;L"S’; .
confinement devices | 2

Mast 2004

...the problem of disruption has not yet been solved

... Only Stellarator configurations (without a net toroidal
current) can avoid this inconvenience

T 4 In D - T experiments:
: 000 JET 1991- TFTR 1994
JET 1997
§ 5 © | The highest neutron yield
er SEe ..terminates in a disruption
0 20 80 40 50 60

Tempo (s)




Why a new and different magnetic confinement device? anotherreasonis...” f limit"

... Even if the muttered mantra is that tokamak physics is perfectly known ...

p = plasma beta =

B=2u, _[pa’V/J‘B2 dv
Bro =21, deV/B%OV

kinetic plasma pressure

confining magnetic field pressure

but in tokamak experimental data one often uses 3,

where B, is the vacuum field on the axis of the plasma

DIII-D in 1994 reached the highest value of § tokamak at all time

Ohmic 2D

Heating
Coils

Shaping Coils N

B
Diagnostic l |

Port

Structure

Ohmic Heating Coil

Plasma
Shaping Coils

DIII-D reached f,= 12.5%,
but...the plasma “disrupted”

vanished in ~1 msec!

B 80111 Pg
@MW)
10%- % =
5% - Pp \\ —10
0 0

050 055 060 065
Time (s)

070 0.75



Why a new and different magnetic confinement device? still another reason is...
"ELMs" (unstable edge localized modes)

“ELM” mode throw upon the divertor a sizeable portion
(~20%) of the energy in the pressure pedestal

A

Pedestal
‘P

Plasma / \

ejection

due to \
ELMs \

Berillium
e first wall

Collapsa
of padlestal
cdoa to Ells

Plasma pressure

/ Energy flows
T here

L 8
-
Plasma . . Plasma
minor radius
center edge

| This happensin a /
| very short time (250 ps) as

the plasma edge becomes ergodic 5 /

i (ELM filaments carry current) N

R [m ll ‘ d ? ) l /

N\
On ITER an ELMs carrying >3% of pedestal energy can even _"/N}\:m
melt or sublimate the Tungsten of the Divertor plates / ‘

DIVERTOR

|





PROTO-SPHERA was born (as an idea) in 1994 at the first crisis of ITER

‘‘‘‘ Paul-Henri Rebut
Rebut after having designed (1976-1979)
and built JET (1979-1983)

in 1991 was in charge of designing ITER

But the cost ‘exploded’: 10 GS$ in 1993
Rebut left the ITER leadership (May 1994)

...Sailing the seas depends on the Helmsman... so ITER stalled: US plasma physics community
included many university professors, which were builders of small experiments and were afraid
that ITER can let them out of research funds and began taking on ITER

... In 1998 the US Congress shut down the largest US Tokamak (TFTR) and withdrew from ITER

During the first “Spherical Tokamak Workshop” at Oak Ridge in July 1994 this trend was
already evident; it was there that US decided to build NSTX, a Spherical Tokamak

From 1994 onward USA e UK built only Spherical Tokamaks and no more conventional ones



1994 first ITER Crisis ...Jurassic Park!

ITER temporarily switched off ... ... from the cages,

were they were confined since many years,

all concepts different from tokamaks popped out...
Stellarators, Spheromaks, FRCs, ...

and mainly Spherical Tokamas :
< JURASSIC PARK

LHD Stellarator (Japan)

. vl "

- &
popa

117 SV o
IS NI,




1991 START The first Spherical Tokamak — A new era for Culham (UK) ‘ ‘_
0 OFfo O

Martin Peng of Oak Rigde Nat.Lab. (Tennessee, USA) realized that e {/ors0) 0
in order to increase B the Tokamak needed a spherical shape @
%) - O_ e

ge.aspect ratio —4s
okamak) =
(LI R M
X
FAUST
ALL
16UTIONS

Culham built the START Spherical Tokamak revamping an old/vacuum vessel

.j - f

e 5 .

GAS PUFF TUBE ANETEE TF RETURN LINB
& -

Alan Sykes

Alan Sykes Dick Colchin Edson Del Bosco Mikhail Gryaznevich Martin Peng



From 1991 Spherical Tokamaks at Culham and Princeton 50—
1997
Once endowed with an old Oak Ridge NBI heating o 1998 —x.
START reached f;,~ 40% (3 x DIlI-D)  — B% | “‘“
' 30 -
Favourable properties of Spherical Tokamaks | DIIL-D, #80108 .sk
are due to lines of force that are nearly the -
geodesic lines of the magnetic surfaces = | conventional ‘° R
/ L tokamaky &
Aé’q‘ e T
Conventional Tokamak  Spherical Tokamak 3 Martin Peng 10+ A é{% %
inventor of Iy o
- % | R |

- Spherical Tokamaks

At the end of ‘90 two large Spherical Tokamaks were built:
NSTX a Princeton MAST a Culham (2000)

0
0o 2 4 6 8

T

normalised plasma current, I,/aB,

MAST-Upgrade (201 7)




A small dinosaur out of Jurassic Park was the TS-3 experiment at the Tokyo University: 3
it studied magnetic reconnection of plasma toroids around a 3

Magnetized coaxial
plasma gun

|

| -
I | compression
_——— coil

1m

External ‘
field Eoil

4 —,

Centre z-dischar 1 :
Comre z discharge  Cemtre bias  Hgwever in 1993 TS-3 removed the metal centerpost,

between two plasma guns; applied 1kV and produced a
” carrying a plasma current ,

which through non-linear “kink” instability engendered
around itself a Spherical Torus

carrying a toroidal plasma current 50 kA<I.,< 100 kA

”

60 ps formation
20 ps sustainment
total duration 80 ps ~100 T4,

2150 «— R [mm] 0



Helicity injection to sustain the plasma torus:
driven relaxation of Plasma Centerpost forms & sustains the ST Anode

« In front of the electrods: open magnetic field lines, j|| B
* open magnetic field lines are wound in a circular direction
* Magnetic reconnections convert open B J lines into
closed B J lines wrapped around a spherical tokamak

Magnetic
reconnectlon

Magnetic -
reconnection

Cathode

L ]

30 BB R N EE T -1 S s

R a
’r

Crab Nebula

-
P o

I 5 0 BRTIRRT @ O @ (8 N




For a simply connected volume bounded by a magnetic surface Beni =0 the
Magnetic Helicity K = J.A «BdV is a slowly decaying ideal MHD invariant
which measures how much the lines of force are kinked, twisted or interlinked

Magnetic
flux: ©

€——— Magnetic Helicity: -3®?

Flux-core Spheromak

Relaxed state: VA B=u B, u=l, (j - B/B?) = constant
all over the plasma, enclosed within a perfectly
conducting portion of sphere of radius R,

fed by electrodes upon polar caps

Classical Spheromak

Instability-prone: high inverse rotational trasform 7

of the lines of force <
(low MHD safety factor ¢ = 1/7 <1 )

enhances “tilt instability”: SNZ

Current in the external container has a magnetic dipole |"'Rspn= 4.28 R sph ~ 4.49 R sph 4.82

opposite to toroidal plasma current dipole Ideal MHD 3 e Ideal MHD
stable (prolate) unstable (oblate)



If helicity source (eg. Flux-core) is separated from helicity sink (Spheromak) a
gradient in the relaxation parameter Vu = uV G-B/Bz) appears*

resistive MHD instabilities produce helicity flow
from larger 1 to smaller p regions™

*This corresponds to the fact that, in low resistivity plasma, the magnetic
reconnections redistribute the Magnetic Helicty without dissipating it

- 20O -00-O O

¥, =0.5[(B-h) ds

Injection of magnetic helicity in a domain, (n outwards)

d(AK)/dt =2 [V, (Beh) dS -2 [(A A 0A/0r+h) dS—2[(E-B) aV

o 2;\/6 (ﬁ.ﬁ) A = DC helicity injection: 2V, e Y, V, electrostatic potential
(poloidal voltage « poloidal cross section flux)

. 2;(1& AOA/ Bt-ﬁ) dS = AC helicity injection: 2V, W, V, toroidal loop voltage
(toroidal voltage « toroidal cross section flux): ohmic Helicity drive

. ZJ(E-E) A% = total helicity dissipation

Magnetic flux, plasma current and magnetic energy injected along with magnetic helicity
...but how efficiently? This is the main reason for the PROTO-SPHERA experiment



Attempt of replacing with ,
... trying to get rid of “disruptions”?
A

in NSTX (Princeton) Spherical Tokamak
often followed by or coexisting with

120809

)

&
=
N
s
v
Z

has achieved >300kA plasma start-up & lowered by 40% ohmic drive requwements
albeit in presence of a metal centerpost, furthermore plasmoids are “born & reborn




GUN INJECTED FLUX-CORE-SPHEROMAKS

Breakdown in small spaces, with extremely high filling pressures and kV voltages
Neutrals and impurities are released from the gun

Flux conserver

After the formation,

‘ the Spheromak
is acceler'a’red and expanded into a flux conserver
field errors already present in the gun are amplified

PROTO-SPHERA ) Lo
g e Designed to get a Tokamak-like f .
% MHD safety factor(qy=1, .4..~3) : “

00 R (m) 03‘\ 0.0 /R(m) 04
(A=R/a>1.2, k=b/a~2.3)

P

PROTO-SPHERA formed “slowly” 4
as a Prolated low aspect ratio
Spherical Torus from the

O TS-3 AN
preexisting plasma c-enterpost SPHERA
mushroom-shaped in front of electr:

Lower Lower
Z g Electrode Z g Blectrode

[ Repe at low voltage, inside big vessel




SPHERA. 1995-1996 in Frascati the SPHERA proposal:

_ o _a Spherical Tokamak at very low aspect ratio A=1.2+1.3
Spherical Plasma for HElicity Relaxation

Assessment (no induction central solenoid)
inside a cylindrical vessel h=4m, ¢ 3 m
...also the possibility of plasma centerpost

SPHERA was never built, but became
the design basis of PROTO-SPHERA

F. Alladio, G. Angelone, P. Buratti, A. Cardinali, A. Cecchini,
R. Cesario, C. Gourlan, L. Lovisetto, A. Mancuso, P. Micozzi,
S. Mantovani, S. Migliori, L. Pieroni, L. Semeraro, A.A. Tuccillo,
F. Valente, V. Zanza

Frascati, March 1997



2001 PROTO-SPHERA final design report PROTO-SPHERA

Coaxial I, feeding
Anode viewing
port = ?é\/

X 3

Vessel v
[=— = —a] o — —a]
. [===]
uasi-separate : A
Q P - =  Anodc a 2
chamber for anode — — F
\ m
-
i) :
- \)
R (=¥
Spherical Torus 2 P ' x
- s B
chamber z& - CR-ENEA Frascati, July 2001
a 2 . .
I Electrode plasmas quasi
' separated from main
' t ———— —— p|asma:
Quasi-separate o - L, Cithode L
chamber for cathode & = = large number (18) of PF
[ ] [ — ]

(poloidal field) coils

e

. L0 >
Cathode viewing . — =N
port Cathode feeder b= = il
0 0 Sl ead

1
Two main problems had been solved: "
¢ building durable electrodes
e restrictions imposed by the ideal MHD stability




e Building durable electrodes

PROTO-PINCH Electrodes testbench, built 1998
experiments from end of 1998 to beginning 2000

Hzgas flow
|

Anode vollage connection
Ground connection

=

. " AR
Stainless steel —§ \
anodic seal plate /

' \
It . & TF current
J retrns

] 4 Ground S8
_~ cathodic
seal plate

Putnp
reduction
3

W-Th
cathode
directly heated

AC current required
on cathodes for avoiding
anode arc anchoring

Hollow gas-puffed anode (W-Cu):
plasma enters holes

e Thousand 1s discharges

¢ Plasma current up to 700 A

¢ Breakdown ~100V in H

» |Current density j.=1 MA/m?
> IPower density P,=20 MW/m?

W-Filaments(Caduceus shaped)
directly heated cathode

e el Conical |

WA t441100,

NullFieldCoils
|



PROTO-PINCH testbench found a solution for the electrodes that works on PROTO-SPHERA
at a current and power density that is relevant for a Biased Divertor of a reactor-grade plasma

e low (100-200 V) voltage on electrodes
e tokamak-like density

Modular annular electrodes:
Gas puffed hollow anode —————> °

Plasma centerpost at electrode
interfaces mushroom-shaped

Plasma current density j.=1MA/m?
Power density P_,=20+-30 MW/m?

W-Th directly heated cathode ——>




Derek Robinson
1941-2002

Derek Robinson (director of Culham from 1991)
was very interested in the “Champagne bottle”
experiment: in 1999 he proposed to build at

Culham PROTO-SPHERA inside the START vessel

Peacock . Wilkotk and Forrest,
ond DereK Robinson

(1969)

§\' NG e
w 2 S \ / \ W SR
% : » xé'\(\/(«(«\// <\<\\\/<<<\\\\\ \\<\\\/\/<§e<

Derek Robinson’s proposal unfortunately
was not accepted... but the “Old Vessel”

found anyway its way ...to Rome!

- \



Furthermore Derek Robinson’s proposal to build PROTO-SPHERA at Culham inside START
led to the final parametrers’ choice, the START size and not the TS-3 one was chosen

, , TS PROTO| |.] |SPHERA
In 2002 at Frascati an International Workshop was held,
chaired by Martin Peng, it advised to build the machine | _ e
in two steps: = E [
e first step: check Plasma Centerpost’s feasibility g AR
] \ ] 1
4] X

The CAD design of PROTO-SPHERA began T

Phasel: 8 PFcoils
Centerpost shap)e

Phase 2: 8 PF shaping coils

+ 10 PF compressing coils
<7

e

o
A"

Stamos Papastergiou
Alessandro Mancuso ENE

Euratom




Upper
Blectrede pROTO-SPHERA parameters:

SP centerpost current 1.=60 kA

ST toroidal current 1,=120+240 kA
ST diameter 2R,,,=0.7 m
MHD safety factor 0o21, Qeqee~3 (Tokamak-like)

Stability should be improved and Helicity drive expected to be
less disruptive than in conventional Flux-Core-Spheromak

Current plasma center column is rapidly increasing: |, = 8.5 - 60kA

Lower : : ol =
Z k—— JElectrode To compress the plasma, PF coil current in each turn: 1, =0 - 1.2kA
elec N . . . . cper -
& R Plasma formation ... Calculated assuming axisymmetric equilibria
""\\_ —= =
}i v o }{ — Feeeresrrrrer Tt W) | | 4 e T T T e e
2, // \\ NN 2, i : S 2, S /2, 5
i\ i
S\ |/ 2, S 2, Q 2, Q 2,
i I »
_J[—\\ﬁ._ J1A




60 kA

240 kA

120 kA

. s —h—a o L, o~ .
s .‘,__from Taifven~ 0-5 MS

[

500ps

,=8.5 -> 60kA

ST compression

./Axisymmetric calculation of ST formation — 60 kA
IB
Instability for Ap s 2 8 1A
4
JBZ "““‘\ time (s) 1.1
[ )
e 4 = | \ A=1.8 A->1.2
weaker \ =] ) !I
== / > 240 kA
l) I,
120 kA
i k—P"mh INSTABILITY
LINEAR KINK NONLINEAR KINK |p=30 -5 240KA
: : 1/2 t, t+500 0
Formation time scale (Tye, Tresist) /2~ 0.6 ms o Yo tg+200us . ) 1.1

Resistive MHD
simulations of
ST formation

i

-

Non-axisymmetric calculation of ST formation

Jr S .

-

-
W =
Ricardo,Farengo
CNEA Bariloche

(Argentina)



The PF coils have been designed as two sets, each connected in series

Group B (4+4 coils): Centerpost shaping PF coils ...thick AISI casings (t~2ms), now inside machine

[

!-o

0 | im

Group A (5+5 coils): ST compression PF coils ...not yet built

high voltage (~20 kV) insulation: fast current increase (0.5 ms) 0

S00A T

thin Inconel casings allow for B diffusion in T~200 ps across them °

A..

Antonio Cucchiaro
ENEA

...waveform of Group A

provides ohmic drive
to torus up to 120 kA

Paradigm reversal:
ohmic drive followed
by Helicity Injection

/

Lt 3008 10'ms




IDEAL MHD STABILITY of PROTO-SPHERA

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

Rigid shift Rigid tilt
w%ﬁ&f%{' > ‘ﬁf” B Group A PF coils (compression coils)
1} has dipole moment opposite to Plasma
O

_ but Group B PF coils (shaping coils)
oy has dipole moment aligned to Plasma

TS-3 PROTO-SPHERA
J pper

i 0 71
5 ) O o O U
~ f SP. Electrode

Shift AZ=4 mm Tilt A6=0.5°
F,=+389 N Unstable I,=30 kA T,=-2.25 Nm Stable
4

F,=-9.92 N Stabilized (t<2 ms) by thick metal casings of PF2,3.4
F~=+19.7N Unstable I,=60 kA Ty=-9.22 Nm Stable
F,_=-23u.5 N Stabilized (t<2 ms) by thick metal casings of PF2,3,4
F=-69N Stable 1,=120kA T,=-12.0 Nm Stable
| F,=-68.1 N Stable 1,=240kA T,=-24.5 Nm Stable |

Rigid tilt of Spherical Torus is always stabilized by

aligned dipole moment of Group B shaping PF coils Lower
Rigid vertical shift of Spherical Torus is always stabilized Z R, »Electrode
by thick AlSI casings of Group B shaping PF coils (t~2ms) s = R




CKF configuration is a possible evolution of the Proto-Sphera concept
Degenerate X-points on Proto-Sphera anode (and cathode) are nozzles

Different orbits of co- & counter-
circulating charged fusion products:
...preferential thrust through only
one of the two degenerate X-points

2015 experiment

n, charged fusion product density

, density n, flux nyv,
CKF found to be ideally MHD stable up to =1 e i s
...promising for future fusion space thrusters? h g5 | " ¢ | “ |
R=R PROTO-SPHERA HERS
elyy G ‘J, 1‘

Cathode

Proto-Sphera:

a CKF whose

growing n, ™

terminates upon electrodes
and whose Secondary Tori are substituted by PF2/3 coils

AV A A e ety . i . S -
= & A




IDEAL MHD STABILITY of PROTO-SPHERA: the vacuum perturbatlons

Electrode plasma current |, fed to anode
inside machine by coaxial system on top

. current returns from the cathode through 8 bars:
thelr circuit inside the machine affects vacuum terms

2D finite element mesh
to calculate the perturbed
vacuum field

1.25

0 R(m) 1



IDEAL MHD STABILITY of PROTO-SPHERA: the results

For low toroidal numbers n=1, 2 & 3
ideal MHD stability obtained

expressed with f=2u, jpdV/BZdV

Ideal MHD analysis to assess Ip/Ie & B limits
(Micozzi P. et al., 2010 Nucl. Fusion 50 095004)

ratio of the two plasma currents I; /1= toroidal ST current/centerpost current

eluptof=21+26% , I/l =0.5-1
elup to B= 14:15% , I../1.= 2-4
expressed with 8, =2y, J.pdV/Bﬁ(,V
elup to B,,=2829%, I../1.= 0.5 -1
slup to 3,,=72+84%, |/l = 2-4

Centerpost current | .= 60 kA
and ST current Ig;= 120 kA: I/l =2
The instability is limited to n=2, 3
driven by q=3/2 resonance at B=25% ,

Centerpost current | .= 60 kA
and ST current I;= 240 kA: I../I =4
The instability extends to n=1

driven by centerpost kink at B=23%




Comparison with TS-3 experimental results ="

At centerpost current I,= 40 kA &
ST current lg;= 50 kA: I;/1,=1.25
TS-3 is ideal MHD stable :

T
At centerpost current | = 40 kA &‘\;"’735;
ST current Ig;= 100 kA: I../1 =2

TS-3 is ideal MHD unstable: tilt of SP

oha,
MO TY
Aat, LA Ll
! g Lls:

.

DISK-SHAPED SP PLASMA: IMPORTANT FOR THE IDEAL MHD STABILITY

Cutting shorter & shorter

the plasma centerpost
PROTO-SPHERA at 120 kA
gets destabilized

dh
- Unstable




Cylindrical vacuum vessel was START vacuum vessel, donated by Culham in 2004
the old vacuum vessel [Ee1etst BIaR (A MW 3 - Lot
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Years 2004 - 2010:

...from ideas ...to detailed design ...to hard metal



Anode

PF2 coils TN —
Throttles' 3% y To fire the plasma centerpost

N\ 3 Power supphes are requn’ed Giuseppe Maﬂ‘leAless dro Lampasi
Cathode .§ . \ENEA

e Cathode heating rotating 6-phase: 6 x(1.7 kA,25 V)rms
¢ PF coils: 2kA, 350V

Sy ¢ Plasma centerpost: 10 kA, 350 V

o Electrical power supplies built by EEl of Vicenza, cost 0.7 M€
Years 2011 - 2014:




2014 cylindrical anode 2015 annular anode

Being afraid of anode attachment,
often observed in arc discharges
(arc welding, plasma torches)
the first rounds of experiments
had a simple cylindrical anode

break-down was easily achieved,
apart from this the cylidrical anode
was just a source of troubles

April 2015
annular anode
installed

Vincenzo Zanza

ENEA Benedetto Tilia Andrea Grosso ENEA



ALY

J cathode

present stage cathode
(18 x 3 emitters): aim 10 kA

\ g ni=: .%: !'5!

final stage cathode, 6 x present
(108 x 3 emitters): aim 60 kA -

-~

“Caduceus”-like emitting spirals ‘
have now survived > 1000 cycles =




Only the PF coils necessary for setting up

the plasma centerpost have been built
8 PF coils in series

inside the machine

Stainless steel /

up\down
new extensions
PF4up . | — —— anode .
PF3up — |
PF2up > annular shape’

Plasma current must run
through both PF2 throttles

Alurniniurn  cylindrical
START vessel \

PF2low ‘ | annular shape
PF3low —>

PF4low T
Stainless steel §
up\down new lids
vacuurn vessel is GND potential PF coils casings built as floating,

can be connected to potentials: anode +, cathode -, yessel 0



’F
Luéa Boncagni ENEA
‘ [l

hollow annular anode performs
e plasma goes through both PF2 throttles
e plasma enters anode gas-puffing holes

* no sign (1 <3.5 kA) of anode attachment
e filling pressure 10-3- 102 mbar

<annular anode plasma is never filamented
whereas annular catode plasma is
filamented (due to sparse emitters)

anode camera

cathode camera

even plasma centerpost is in part filamented




Electrostatic plasma effects

However, the electrostatic potential

PF coils casings built as floating, can be connected to

distribution is dominated by the plasma

,,,,

the magnetic field is up\down symmetric

0 Am

2.5m

Voraup =0V

Vanode ~+45V
Verzaup = 125V

V,...,=0V (GND)

vessel —

VPF2-3Iow ~oV
Vcathode ~-35V

Veralow = 15V

0

contours: E potential
7”—77 - | ‘.i— -~ 5 o -
‘ 7 B .
S
-»4-53
™
A A"
E field: arrows
| |
| — - S——
—_— N
(E* > =8 |
\';_7_7\_.‘ o —— - — v'
7“’ — ;‘

potentials: anode +, cathode -, vessel 0

through~0.1—1Q resistors

vacuurn vessel at GND 0V |

but the electrostatic field is not up\down symmetric
near either the anode or the cathode, the topmost coil casing is approximately at ground potential
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Id; arrows
[ T D

5m

-~~"| Plasma-induced electric potential:

near the annular anode

the E field is in part perpendicular
| to the B field
1 ... E X B azimuthal plasma rotation

i ‘ '\
(44 Vo
| '

S

... starting from PF2up throttle

Veg=(E/B) ~ 10% m/s ~ Ve ~ Vi

near the annular cathode
the E field is parallel to B field
... no E X B plasma rotation

self-organization at work inside
annular electrodes plasma



May 2015 annular anode experiment

half of the plasma current: (1kA\2kA)

was going around the required path due to
equatorial X-point inside the vessel

Hydrogen plasma | 4 s

BE

Argon plasma





The equatorial X —point has been removed from inside the vessel
4 external PF coils have been added (home-made from spare connection cables)
...and fed in series with the internal PF coils (PF coils power supply has sufficient margin)

2'5 e

m _ b
i —_ 4 external PF
= i

0

plasma fired after 0.75 s of PF current to allow for skin currente diffusion in Al vessel and SS lids



October 2015 experiments with
Argon discharge reaching 3 kA for 0.15 s

the whole plasma current runs through both PF2 throttles

+1 } 1 T 1
g °
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8 nterpost R —
@ 2 _
g 5 2 ‘ Plasma ' v
85 : Centerpost N e ||
O .3 | \, T A VLA
- [ o |
[ WP [
_4 I Raian W ‘|
L Shot 205
C 1 1 L
; ’ . . . . . ; . .
100 n W ,\‘.\‘I.“'\\]\ll |\‘I.-'.\-al\| I‘V.\v-h' ’Mt'M‘},y,l.A,."A\M.N‘(,Il -
} |"'
v
) I
- — Wi VAnode-Cathode n
o r I/ ( | ja X —
> 50 | ! N‘W‘-‘f\“-'lhl;.v,\-m"\'\n\'fM'L‘aM‘Vr-\"
V GND-Cathode
0 FoSiGRmimeay -
C N [ | L 1 L 1 L 1 1 1
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Plasma current outer paths for 1 > 3.5 kA

+1
— 0 |-
< Argon plasma
S I . .
g . | s aiming to 4 kA
o £ .2 : lasma i
EE . Ccntrn‘rpnsl e reaCheS 3-5 kA
-4 | [}
4 -
00 | e Shot 208 - ~ 1.5 kA lost
I from main plasma
% ‘}l' Anode-Cathode | "
> 5 | R SRR RO,
| in discharge from
0 ‘:;l;a_‘.l.,‘l'.».""”‘:'_f_:“ Vl'»:r-n:r.' athode : CathOde down tO
| | lid\vessel
—*28 T PFZ:,;: """ 3?
S ]
2 3
s N
= ——————_ plasma current
L VPF:«;\Low (. 1 lost on both
5 o- ALY e . PF2 throttles
i .'J/ “‘I",.'-‘ Vlw.l__.w __
10 A
0.7 0.8 n °% Time(s) '°

10 V spikes appearing on floating voltages on lower PF coils
are associated with plasma current outer path






Magnetic tayloring in order to have a better filling of electrodes

when plasma current takes outer path cathode is less emitting

plasma current 3.5 kA plasma current 2kA, 1.5 kA lost

|





e straighter grounding of lower PF coils

¢ flowing current only in the two external PF coils nearer to equator
Allows for and better filling of cathode

voltage spikes have been eliminated on PF2/3low,
after 1 V amplitude jump even small sparks vanish

Argon plasma 2kA

0
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.
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What is going on at this moment

To achieve the full design current 8.5kA to remove the electrically
conductive material near the current copper busbars,
which allow the parasitic plasma discharges

-

vy -y

o L
busbars (top-anode) from busbars (bottom-cathode) from
20MQ to 2kQ resistance 20MQ to 40Q resistance

o O 7 '
- &

L

o

7
Anode busbars inside vesgl

Cause of metallization:
degenerate (B=0) X-points over
anode (up)and below cathode

(down) act as plasma nozzles
<




On the top (near anode) a SS flange, pierced by 8 busbars,
such a flange is now being substituted by a Polycarbonate one

Busbars (top-ano

hia

At the bottom (near cathode) a SS flange, pierced by 14 busbars,
such a flange is now being substituted by a Polycarbonate one



To be build after 10 kA plasma centerpost routinely achieved

% Group A: ST compression coils (5+5 series)
Not yet built, but inner vessel ready to host

e high voltage (~20 kV) insulation
= PE61 = L2l elthin Inconel casings cost ~ 0.5M€
PF3.2 |
Tungsten filaments (54 > 324) cost ~ 0.2M€
ol 151 e Final Power Supplies for:

1) Group A PF coils cost ~0.1M€

prs GROUP A
+ 2) Cathode (current 10 = 60 kA)cost ~ 0.2M€

N 3) Screw Pinch (I, 10 - 60 kA) cost ~0.6M<€
N < X SuperCapacitors will be used
I B
mm———| ———
o = Cost up to now ~2.0 M€
'E, f" Cost for final stage of experiment ~1.6 M€

0 | im



Status

PROTO-SPHERA is producing its first centerpost plasmas ...better late than never!

Hollow gas puffed anode is a success, no any anode arc attachment
(plasma induced electrostatic effect, E x B drift rotation of the plasma)

Target 8.5kA in plasma centerpost: 3.5 kA = 40% has been sustained in Argon plasma

To achieve full current of 8.5 kA boundary conditions must be adjusted:
e electrostatically by connecting PF coils casings, built floating with respect to the vessel
e magnetically by additional PF coils external to the vacuum vessel

After Argon centerpost is tamed (80 V breakdown), start fight with Hydrogen centerpost (180 V)

If full current of plasma centerpost(10 kA) is achieved and sustained with 54 sparcely spaced
emitting filaments, then full current (60 kA) will be even better achieved with 324 filaments

irst stage of PROTO-SPHERA only a first step

N
" R A \
, P 1oy RN .“
7 5 ¢ > - . ‘ A

IR

...give a chance to the dragon to show his endowments into the sea!



Perspective

Proto-Sphera will assess a new magnetic confinement configuration
e simply connected (easier construction & maintenance)

e with high plasma g capability

e sustained by magnetic helicity injection instead of ohmic drive
Proto-Sphera can develop this program:

at very low costs ( ~ 1.6 M€ + 2M€ already spent)
in a flexible way (new components can be easily added)



Other authors
(~all of them)




Superposition of 2 force-free fields VAB=uB, same relaxation parameter u=p, j - B/B?=14.066...
Chandrasekhar-Kendall (in unitary sphere) Furth square-toroids
Wi (68) = —(ur)j; (urjsin® Pf(cos8]  wi, (r9)=p? - Lirsind] 1! N{IERY ¥ rsinﬂtcos{lrcos&]

0.775...

-0.775...

-1

1

Z

-1

\P(r’ﬁ) - Wp,lCK + Y\PH,XF
Chandrasekhar-Kendall-Furth
force-free field (CKF)

For y>0.402... in a simply connected region
the toroidal current density j, has same sign

Degenerate X-points (B=0) present

A magnetic separatrix with

(top/bottom) on the symmetry axis

ordinary X-points (B#0) divides:
a main spherical torus (ST)
2 secondary tori (SC)
&



UNRELAXED Chandrasekhar-Kendall-Furth CONFIGURATIONS

However CKF force-free fields (Vp=0) are unable to confine plasmas of fusion interest
MHD free boundary equilibria of unrelaxed (Vu#0, Vp#0) CKF configurations

e:ﬁ:pST =102%

Main parameters of equilibrium:

1 =
determines
= 14.066 +( )/
normalized jump of p between
and

given the value of |/
determines




MHD EQUILIBRIA of UNRELAXED CKF

Same edge shape = same total toroidal current ¢
Boozer coordinates (i -toroidal flux, 8-poloidal angle, ¢-toroidal angle; Vge<1/B2) for p=1, ls1/1,=3
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If current flow is sustained in surrounding
discharge, magnetic helicity is injected into
the ST (X-points), flowing down V<u>:

Vp is concentrated in same region

iy,
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Equatorial profiles of:

& pressure p

< relaxation parameter u

< toroidal current density j,

& ST winding number g=2n/1 = inverse
rotational trasform of B lines of force

0 02 Ry 20 02 Rew 207702 Rim



MAGNETIC COORDINATES of UNRELAXED CKF

From equilibrium (CKF) #

N

W = WY, -poloidal flux
=0 ~toroidal flux

Embedded magnetic separatrix:

. (l// = l//max) wT =w)T(
VO diverges near regular X-point
0 angles converge on reg. X-point |

in Boozer coordinates™ (i/,,0)

*non orthogonal with Vgec1/B2

Ideal MHD stability influenced by:
plasma pressure: p(i;)
& field lines rotational transform:

(v, )=~(dy/dy, )/ 2x

Edge magnetic separatrix:

\ W =™ (y=0)
VO vanishes near singular X-point

0 angles don't converge on sing. X-point

Fit numerical [ by poloidal flux distance from separatrix (v —wy,)

L) o

1 1

—ln’CSP(w ~ Wy

T - |
X ln|CS’|’(lp —wx)'



DIVERGENCES OF METRIC COEFFICIENTS NEAR SEPARATRICES

At embedded magnetic separatrix: Y =y, logarithmically vanishing [
* V. vanishes at regular X-point but diverges far fr'zom it o,
‘IIntegrated residual shear 7. =VwT-(V6—LV¢) / V.. Y« OC}/’VWTI

4

-10
CKF equilibrium 2 |

N 7Y

/ K‘\-»— B | e / | R
_ - ST sp
Edge magnetic separatrix: y.. =ypm* [y nn=0 0 0 4 y< 8 y™

.| V\I’T vanishes at singular X-point and symmeftry axis P (mWb)
‘1 v.[..0) diverges at singular X-points




IDEAL MHD STABILITY of UNRELAXED CKF Frangois Rogier I

ONERA-Tolouse

Perturbed plasma displacement € for low toroidal number n
Fourier expanded in poloidal angle 6: §=Eg g{eg(wT) glons(me@— nq))
1D radial finite element method for normal mode equation:

6Wp(é*’ é) =U)26Wk(é*’ é) W, potential, W kinetic energy

REGULARITY of DISPLACEMENT at EMBEDDED MAGNETIC SEPARATRIX
‘Normal component vanishes far from and near the regular X-point (except n=0)

‘Parallel component regular everywhere
lim, &-(B/B|<O(l

YWY

vV, X
; ¢ Yy, \/IWT WT| 1
Jim, € =L<0 3 <Ol
TN ‘5 WT‘ Iy =y =
‘Binormal component vanishes near but [ CKF |
is reqular far from the regular X-point /X n=1 |
9 _
. | BAV
lim J&-—= Yrl< Xl |
= T
. g é/\ﬁ :i:%;‘ |
wl%x &= R =0(l) )
Sopomd [V B




JOINING of PERTURBED DISPLACEMENTS at SEPARATRIX

Displacements: normal £¥=¢ - Vi, binormal n¥=¢ - (V6-Vo/q), tangential v=—Vg& V¢
The code contains a number of innovative features:
lOrdering of y; accounts for multiple magnetic axes

Ve Ideal MHD conditions at separatrix
0.8F ' ' . :
- ) , Normal displacement: &€ Vy/R? continuous
(m) b = | Other jump: n=¢-(V6-Vo/q)/B, v=—g& Vo
0 r A Inside Tori:
&=%, &, (y7) sin(mp-no)

W 2T nzzé N, (WT) COS(meG-ncl)),

o V=E, v{yr) cos(mp-no)
_o08l Surrounding coupled mode:

0 ¥+¥r'04 R (m) £=%, &, (1) sin(m,36-ng),
n=%, 0, (y7) cos(m, 36-no),

v=2, v{y7) cos(m, 36-n¢)




TREATMENT of VACUUM ENERGY TERM & of SYMMETRY AXIS

o/ Presence of plasma on the symmetry axis

R+0: = ﬁwT =0
R=0: lim V=0

E—=0

EW(%-M ,B,¢) =( (fixed-boundary)
E¥[ypm 0,0)=0 (W divergences)

1 New variables: &€ Vy-/R2, n=E: (V6-Vo/q)/B

ol 2D finite element method for the vacuum energy

conducting shells of any shape




IDEAL MHD STABILITY RESULTS (wall at R — <o)

/‘\Classical Ap=0; Ig/I, = ; q,=0.9

Spheromak
Y|£ T T
LA E P=1/9"11s L1,
10| E ST 10
IE q95
IB‘J
St 2.0 5
_ 3.0
0 . P UNSTABLE . 3.0 0 .
ST ST
1 1.5 2 2.5 3 qu 1 1.5 2 2.5 3 q[l

Stability in absence of any conducting shell around the plasma at B=1



ARROW PLOTS of STABLE OSCILLATION on integer-q, p=1, I+/I,=5

Ih ) T _' - — L)
- - i -
gl -.5'_‘.-’&_ !”;""\-
q.,} i ) W }‘, y

ST UNSTABLE |, Tz |‘

T B S PR o v T
N, h -
., % Sagn ﬁ-l
T \ q
5 '(: ! 7 S \
- e N s - \
A A ; p r

#TABLE 30 p S




ARROW PLOTS of GLOBAL UNSTABLE MODES at p=1, I /I, =5

1.6

ag;
UNSTABLE to n=1

T . T
=S %r\y”
et s Wy /.,___-_3";« \'_’.;_k

11.8

ST UNSTABLE

" /,’—

Low q,ST: 1 surrounding plasma tilts High q,ST: Tunstable ST



ARROW PLOTS of UNSTABLE MODES LIMITED TO SURROUNDING PLASMA
at =0 & 1/3, I.;/I ,=1: too large ratio I,/I ;

o

L/l
10 ¢

1.5

ST
q 95

ST UNSTABLE

5 L ST UNSTAELE . 2'0

ST UNSTABLE | g 8

1 15 2 qr
0
UNSTABLE TO n=1
KINK OF CENTRAL COLUMN

ATV ILSNA
LS

STABLE






