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RFX lab in Padové#taly T Overview

1. RFX site- CNR area
2. RFX team

3. RFX device: Reversed Field Pinch (and Tokamak)

RFX = RicercaFormaziondnnovazione
Reverse Fiel@Xperiment
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Padova: Area della Ricerca del CNR
cConsorzio

REX:

— i Tor0|da| Plasma
2) RFX: e N RFX aéVICG
RFP Device W\ =

Reversed Field Pinch, RFPpartners:
USA - Sweden Japari China




REX group

'. Aboutl 1 OpEOple
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+ 25-30 students(lnternatlonalvadova GhentUnlverS|S|tesPhD
in FUSIONSCIENCE ANDENGINEERING)




(1992 i 1999) (2021 ¢é)

R (2004 i 2015) RFX- m0d2
RFX-mod

| Pellet
§ pinjector

‘ Max Bz

RFP Pulse duration
Tokamak Pulse




Increaseplasmacurrent

Steady state ¢y, Confinement ¢, Light Tech expectet

Stellarator Tokamak REP

g?[;g.]fchemanc of stellarator magnetic field coils and plasma configuration (courtesy o R=2.0mRFX
R = 55 m W?)( - FIG. “;Z'dhd"e“'“"’ tokamak.
(R=3.9m LHD) R=3m JET (1.5 m MST USA
[*] Book: FusiorPhysicSAEA 2012 (R=6.21m ITER) 1.4 m KTXHefei Ching
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OUTLINE
Introduction to the RFP: a Toroidal Pinchwith Field Reversal

Helical self-organization:

a) Experimental facts (mainlyfrom RFX)
A Quasi helical states (QSH) in high current dischariges 0.8MA):

A Electron transport barriers|TB, and Impurity screeningffect;

b) 3D non linear MHD modeling and magnetic chaos healing
A Transitionto helicalregimes

A Key role of edgévlagnetic Perturbations (MRnd realistic Boundary
conditions :

Non-Resonanand ResonantMRs is y ner gi sti cal | y i-ongangzatian@rocess \

A Magneticchaoshealing LagrangianCoherent Structuregetection.

é Newregimeso beexperimentallyexploredin RFX-mod2 from 2021

Summary
10



device and configuration set up

Conducting Shell
Surrounding Plasma

mean
«— magnetic field
radial profiles




RFP Distinctivefeatures:

The RFPis a simple ohmic device
No auxiliary:T heatingi current drivedl momentum sourcéggpically used in Tokamaks)

No relaxation to «primitive» axissymmetricor helical T a y | stateé s

Ratherthenrelaxingto the «primitive»l a y | relaxddst at e é

the RFRendsto approacha contiguoudhelicalohmicequilibriumresultingfrom
thenonlinear saturation of a resistivekink /tearing mode,

( € whiohapinchconfigurationis normallyprone,Tokamakgoo, )

In fact, the RFP plasmakinks accordingto B pitch in the plasma core
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RFP Distinctivefeatures kink selforganizatiom 1 n

Sinceearly ®0ties

3D nonlinear MHD simulations envisagedhe transition to ordered helical regimes:

- asruledby dissipativeparametergwith ideal magneticooundary,
(thenclearlyobservedn experimentstartingin thel a 80#ies))d

More recently2o13onwarg,

Refined Boundary Conditions schematicallymimicking real magneticfront -end:

- seededgeMagneticPerturbations(with suitablepitch choice,
predictednew «stimulatech helicalstatese thensuccessfullyobtainedn experiments

- thinresistiveshell+ vacuumlayer providemuchcloserquantitativedescriptionof
experimentabehavior
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RFP self-organization

a) Experimental factsand b) Modeling results

14



RFP self-organization RFX

REP g SEt Or &g eA%van}éeldoNp}érgtign
required in RFX-mod

CLEAN MODE CONTROL
and/or
NON CONVENTIONAL
SCENARIOS (PPCBDPCD)

for Ip above~ 1 MA

-~ 10T MH = 10
E & E 8 Feedback coils system
2 6 g6 Typical operation:
S 4f 9 a4 Ip ~ 1.7 MA
i 2 Te upto 1.2 keV
9 5 9 13 17n 1_ (8)
MHD spectrum: resistive kinkearing modes e

03 rla 15



RFP self-organization RFX

RFP g SEt Or &g eA%van}éeldoNp}érgtign
required in RFX-mod

CLEAN MODE CONTROL
and/or
NON CONVENTIONAL
SCENARIOS (PPCBDPCD)

for Ip above~ 1 MA

Feedback coils system
Typical operation:
Ip ~1.7 MA
Te upto 1.2 keV

05

MHD spectrum impact on magnetic topology

03 rla 16



RFP helical self-organization: several experimentSrrxi TPEi MSTi T2R

RFX

~/

FIG. 3 (color). Schematic view of a n = 7 helical structure
inside the RFX vessel.

: ; 1;‘"... . " " 40 5{} TPE-RX Japan
| | . . - 1 MST USA
T2R Sweden

[ B S WS- ¥ X 2 10.0

c ) %(5) T2R np=14 W
= 20
£ 15 )
210 \ WMM”{ ‘L
= 43 i "
2 3 4 5 8
; time{ms)
30 40 50 60 70 byne (MT) ) ) ]
Ll ' Martin, Marrelli, Spizzaet al. NF 2003
FIG. 5 (color). m = 1 modes n-spectrum vs time and SXR
emissivity patterns at selected times (# = 40 ms and r = 60 ms)
in a plasma (No. 11336) where the QSH state is permanent. The
dominant mode in this case is n = 8.
More recentlyalsa
EscandeMartin, Ortolani et al. PRL 2000 RELAX (Japan), KTX (Hefer China)
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RFP helical selforganization: a robust process

HELICAL persistency increases with currenip to> 85% of flat top

Ip=1,5 MA deuterium RFP discharge (#36451)

< 1+ /, .
= p (@)

dominant

secondary

102%m 3
o .
O o

T

; :
[1x]
G

keV

| | 1 1 | |
0 0.05 0.1 0.15 0.2 0.25 0.3 1(s) 0.35

Dominant mode (internal)

ave secondary modes

Puiatti, Dal Bello,Marrelli et al. NF 2015

Flattop fraction with helical state (%)

RFX -mod

100

05 plasma current (MA) 15

(hydrogen RFP discharges)
PiovesanZuin et alNuclFus2009

Similar behavior in MST experiment:
- Chapman et al IAEA EX/P@1 (2012)
- Sarffet alNucl Fus2013
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RFP helical self-organization: barriers formation

ﬂ&lﬂll‘(‘.
physics

Formation of e-Transport Barriers

24598, 117/ms 19]
l=1.3MA
n/ng=0.20 08 ]
— 0.6- _
T 0
= 4] -
22201, 35ms | §
=0.7MA “l
n/ng=0.22 ool . . oo
-1.0 -0.5 0.0 0.5 1.0
r/a
a 107 ? b 1.0 ¢
¢ 4 8 V
o8\ ﬁ.‘: *;b#‘ ’l‘ﬁ osf & ﬂ&#
i 0.6 \II\ \ fl g ,“ i 06F #%
= 04 4 = o4l 4
+m*++’¢ .
0.2—)? \J/ 0.2 +H'P+¢++
0—0?4 -0.2 é 0?2 DT4 00 072 0.4 06 0.8 1.0
(m) P

Lorenzini Martines,Piovesaret alNatPhys2009
PiovesanZuin, Alfier et al NF 2009

RFX -mod
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é the barrier foot is closeto the vanishing magnetic shear location

Helicalg: q(r) gives thenumber of toroidal turns field lines perform
for onepoloidal turnaround thenelical axis

|a}.

_ Helical
S flux
{ surfaces

23912@174ms

160

180 200 220 240
X(cm)

20

Positionof theelTB vs themaximum_gocation
for RFX-modexperimentaBHAX states.

elTB

position -

(cm)

35

]I5. II IEI{J. ll IEIE. ll I?-IE}I
max(q) position (cm)

Error bars in the abscissas are due to
uncertainties in equilibrium reconstruction.

Gobbin Bonfiglio, Escande et al PRL 2011



RFP helical self-organization: barriers formation RFX -mod

415t EPS Conference on Plasma Physics é an d | m p ur | t y

34326.0# t=70.2 ms

R D,Z‘ Tungsten
-oaf in QSH

F'jfm}
Fig.2  Experimental tomographic
inversion of SXR emissivity at the
maximum of the W LBO emission

a.u. — : Simulationof Ni
S normalizedtotal
_onl densityatthe
i MH steadystate,
afterNi target
ol LaserBlow Off
Puiatti, Valisa Agostini et al NF 2011 TESPELexperiment§RFX-mod?2 )

Carraro, AuriemmaBarbuiet al EPS 2014

. \ plannedn collaborationwith NIFS
Menmuir Carraro, Alfier et al PPCF 2010
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RFP helical self-organization RFX-mod
|sotopic effect: Deuterium discharges

QSH improvement in persistence aied

2 #36508
¢ i I #36451
2 |/ )
0dominam
E n=7
E10F )
secondary |

0.25

Lorenzinj Agostini,Auriemmaetal Puiatti, Dal Bello,Matrrelli, et al.
NF 2015 NF 2015
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RFP self-organization

b) Modeling

Transitionto helicalstates

A Simpledescriptionfrom atoy model:
currentcarryingwire in aflux conserver

A 3D nonlinearviscoresistivaMagnetohydrodynamic
modeling
V Transitionto helicalregimes and
V Magneticchaoshealing

23



RFPToymodel intuitive RFEP

é aurrentcarryingwire in aflux conserver

F B-flux
conserver

Early elements:

A I

wire

Kink
unstable

Elaboratedin:

VerhageFurzerRobinson NF 1978 BenistiEscandeEFTC 1998
Kadomtsew 992 GawerPoF1959) Escandeet al. PPCF 2000

solenoidalkffect
by thewire itself

e saturatesvhen
edgefield reversal
IS reached

WA 1(AE OO QH AN Al ©
41 EAAABA




RFP Toymodel useful to describe the s | LnRde§ffecto

After kinking &

JIINV IS

19 1 1 Anconti gwausraotl| ea

7 = N\ !

énsl i nkyo
ocadllapsee

/iMMM/ii/

l ( ! plasmabuldgingcollapse

e at atoroidallocation,

Hh ﬂ smilarly in experiments
and nonlinear

Cappello et al, Theory of Fusion Plasmag/arenna2008
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3D nonlinear MHD SpeCyl code simple visceresistive approx.
Cappello& BiskampNucl. Fus 1996

'LI—?:DQ(VQB)' 1217 (/AN) h F/tgt  two dimensionless parameters
H with assigned radial profiles

%/:J OB +Hnb2v n Ft,t Lundquist:
Viscous LundquistM =1 /n
rtl pto
: Finite difference { vagnetic frandi®= a il WS
q, f Spectral formulation Hartmann numbei = (n 1)
t Predictorcorrector + semimplicit Cappello& EscandePRL 2000

Geometry: axially periodic cylinder

aspect ratio
R/a= 4 (RFX)




3D nonlinear MHD

%?:Dg(vgs)- PA(h |I)

av =3 @B +HnD2v

SpeCyl code simple visceresistive approx.
Cappello & Biskamp Nucl. Fus. 1996

h F/tgt  two dimensionless parameters

n

with assigned radial profiles

A Lundquist: S=1/h
Viscous LundquistM =1 /n

dt
rtl pto
r Finite difference
g, f Spectral formulation
t Predictorcorrector + semimplicit

Geometry: axially periodic cylinder

aspect ratio

n

typical 0o boundary c
B £=0 (constant magnetic fluxF)
Constangz (or constanttotal toroidal current 1z)
~ Ideal boundary
m.n< -  With MP on Brm,n(~ 2%, 4%...)

- Thin shell + vacuum layer +ideal wg

velocity field: no slip.

!

R/a= 4 (RFX)

initial conditions defind- | 1z




SpeCyI3D simulations: after relaxation to reversed state,
a continuous transition between different regimes is found (ideal BC):

Saturated kink nearlyperiodic relaxations
SingleHelicity - SH Multiple Helicity - MH
High dissipation Low dissipation
H=10’, §=3x10*,)M=30, B (a)=0 H=10",5=10 M=104 B (a)=0
0.04X ' | | 1 0.2 0.04F 0.2
:_5‘: 000 ~_—_— : 0.0 F(t) § 0.00 W WV 0.0 I:
S _0.04F 1-0.2 S _0.04 | —0.2
~0.08 1 | 1-0.4 -0.08! R F Psawioothing@ ¢ y cqg.4e
000 005 0.10 015 020 0.00 0.05 0.10
/g . 74 =
o I — g
= 20 - =
S 3 ] ‘g Mode %
8 10§ A 110 energy =
= o AN | < —' '
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10
1Ty 74
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Example of QSH regimesimilar to experimentabne W

(Idealwall + MP)

H=10°(5=10° M=10")p"""/B(a)=2%

0.04 T _
Typical RFP 5 0.00 o 02 §
sawtoothing =~ -0.04 : 0.0
-0.08 ¢ j-0.2
0.00 0.05 0.1-0.4
1/Tr R F Fsawioothing
Mode amplitude = S| -7
< -9
= -10
ESN 11

BonfiglioNF 2011

Veranda PPCF 2013 0,00 o 0.05 | | 0.10

BonfiglioPRL 2013

Theamplitudeof secondarynodesdecreasewith Lundquist S
The threshold MP% to excitea dominant modedecreasesvith S too.

Cy
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Example of QSH regimesimilarto experimentabne

thin resistiveshell+vacuumlayer idealwall

\ /
1 1
\§\ plasma §\E vaou um I Szlf}f’, M=104, bfa=l.2, TWETRZIO-E
r;a | - rr=b
0.00[
F(t) -0.03_
_0.06 - ' RF Psawioothing cy c l{e
vode  100f | (1,-7) mode 1
- : 1.7
amplitude 50 8
bz(a)% m,n [ 1,9
| 1,10
0.0t 1,11
10.0[
br(a)%m,n 5.0 _ _

BonfiglioEPS 2019
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Chaos healing effect due to helical structure

Inspectionof magnetic topology during a typicQISH
sawtoothingecyclein simulations

We shall see an intermediate situation in betv MH 1 MFE SH(

0.5 Ty g 3 £ =

0.4 IO TS { 0@ x@» v

ﬁ\\
(\
?\\
\

o
R (m)



[Dominant mode

Chaos healing effect due to helical structures i expuision

The widthof conserved helical core evolves

(a)/B (%)

m,n
o

b

10.0[

500

L}
L]
]
[}
.
1
]

L ~

S .
00 e -

2.0-10* -10* 2.4+10* 2.
t(ty)

1104

Escandeet al PRL(2000) ]

Core conserved
surfaces are lost at
slinky collapse

y

0 /2 m 3n/2 2n /2 T 3n/2 2n
z/Ry z/Ry
Max_gsurface(orange curve)encompasses conserved magnetic surfaces
hel hel
0.15( AT 0.15] q hel 0.15| A=
: - R"u [ = [— - \.‘
0.10| ™, 010 ~ 0.10| \
0.05| 005 05|
ﬂ.m.— iy 0,00 _ < C'.Lm'l— .hq_—
asl S - o5l C 1 0050 — .
0.0 0.5 10 0.0 0.5 10 0.0 05 10
i P [

Poincare plots

: secondary modes divided by 5 to match experimental amplitudes (as scaled)to S=32




é I n pa

ssing, a br i edonndction eventsaturas:n

- current sheets formation,

- mode phase

locking,

- excitation of Alfven waves

0.4
0.2
F(t) . 0.0
-0.2
Modeamplitude =
bz(a)%m,n = 10
& s
E=
_. 102
Total g 101
MAGNETIC s lgg
energy = o8
o 0.02
Total =
=
KINETIC s 0ol
energy ~ 0.00
6x10™

Magnetic Energy 4.;0+
andHelicity
dissipation rates

2%10™

]
Q T

R F Psawtoothing cycl e

II I|III III|I
11 JHIJI IJHI

IIHJIIH

YTy

0.18
0.16
0.14=
o
0.12
0.1(

>

| |
mereeeB
—ECexNa’

t

o)
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current sheetsformationmode phase locking and excitation of Alfven waves

RFP S=16, P=10

04
 0a2E
0.0 :—
-0.2

y/a

total J|
axisymmetric part

0.5r

0.0

=0.5[

-1.0L.

-1.0

-0.5 0.0 0.5 1.0

x/a

1D

Radial
profiles

2D
contour
plot

0.18
0.16
014
=
0.12
fl,lq“_n
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current sheets formatianode phase lockingand excitation of Alfven waves

RFP S=16, P=10

SPC r/a=0.690

(1,-10)

—

0.14
0.12
0.10
0.08
0.06
0.04

mod(br) %

RN AR

amplitudes >~

| T W

1400

—_—

=

phibr

”'i%ei”C:”mP”””W“'”P'””

6
5
4
3
2

phases
0

!

1200

1400

1600
ITP

1800

2000

J// contours
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current sheets formation mode phase lockingexitation of Alfven waves
RFP S=18, P=10

F

RFX-modlike densityprofile
assigned

b'B@ @

Alfvén Eigenmodes

(in particular the GAE and the
7 . 1stCAE) are excited by
a0 b ke magnetic reconnection event.

Kin.energy  Mag. energy

Dissipation

Alfvén wavesspectrum
(m=1, n=0) r=0,6a

0.012C 2 10.60

BV

L \ 3
OO0 =, somms” E ---E./By  —1055
[} [ =}
< X — i =
.3 0.008 - EM — 1050 M
~ 0006 3 ] E
Lﬂ‘ E N — 1045
E ] w
K i =]

4000 5000 6000 0.0 0.2

0 1000 2000

0.4 r /a 0.6

Artur Kryzhanovskyy Master Thesis 2018PhD work Experimentallyobserved in RFPs:
Spagnold\F 2011 and therein refsKoliner PRL 2012 36



Back to Chaos healing effect due to helical structure

€ when we excit e -Rasaanshelical ragbhme e

37



More efficient chaos healing by stimulating n=Non Resonant

10.0

I
o

b (a)/B (%)

1
;"I 1
— L«L’é.;)&/\_
0-0 [} ———
6.010*  6.2:10* 6410 6.6°10* 6.8410* 7.010'_ 7.2.10* 7.4-10*
t(1,)

Conserved surfaces
are never lost

Poincare plots: secondary modes divided by 5 to match experimental amplitudes (as scaled)to S= 10

015
.,

010+

005

0.000 e ]

0.0 a5 1.0
P

No shear

A5
M
00+ ",
05+
pooL_. . . . |
0.0 05 10
P
reversal I N

such

A5
-
",

010+ ",
o5+
0.00 L P

00 0.5 1.0

P
hel i cal conf

i
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We started to develop:

numerical tools to detetiagrangianCoherent Structures
able to confinanagnetic filedines

Borrowed from ordinary fluid context
(spreading of Apassiveo entiti es

Collaborationwith GrassqCNR ISC Torino,PoliTO), PegorardPisaUnivesity),
Borgogno(PoliTO Torino), Rubino(ENEA-Frascat)
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LagrangianCoherent Structures detection tool

Confining magnetic structures may exist hidden in the chaotic sea surrounding tr

conserved magnetic surfaces (KAM), i

LagrangiarnCoherent Structures: coherent patterns that organize the transport of 1
lines, provide a signature of Cantor sets.

Two techniques have been developed and compared for
our cases:

- F T L E ﬁ r | d g e s (‘) [Shadderet al 2005PhysicaD 212 ]
-Aimost repel | i Midhnirs fomkedd§ t U T €

[Di Giannataleet al, PoP201&,b
Di Giannataleet al, VarennaLausanne Fusion Theory Conferendsurnal of Physics: Con&eries 2018
Pegoraroet al PPCF 2019
Soon:- Di GiannatalePhD Thesis 2019
- Di GiannataleAAPPSDPP 2019 Poster Contribution] 40



First implementation of the technique to identify ridges

0f
A simulation case - |
(schematic one): % o ) 7ol
-n;—g [1;—13
-n=-10 n=-14
2000 time (t,) 4000 6000

A Poincarne
developing chaos

0.200 0.275 0.350 0425 0.500

(integration length order
of 1000toroidalturns)

[Rubing Borgognq VerandaBonfiglio, Cappellg GrassoPPCF (2015 ]



First implementation of the technique to identify ridges

A simulation case
(schematic one):

://_"\"./' ——— —— S——

m=1 n=-7 n=-11
n=-8 n=-12 N
-n=-9 n=-13 ]
-n=-10 n=-14 ]
2000 time (1,) 4000 6000

A Poincarne
developing chaos

0.200 0.275 0.350 0425 0.500
r

(integration length order
of 1000toroidalturns)

A Al gorithm to extract ext

[Rubing Borgognq VerandaBonfiglio, Cappellg GrassoPPCF (2015 ] 42



N Ri dg e s ototheldransport oémagnetic field lines

Bl ack Acurveso: RI DGES
Color: magnetic field lines integrated for100 toroidal turns

(>> FTLE computation time = 10 toroidal turns)

Colored initial

3n/

Ridges ' conditions in the
small squaresat

dete_Ct_ D T the opposite side

conflnlng of ridgesremain

cantori separated

n/
structures

r
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LCS ( Hal | er )Shadehteciniques cgpreparsor

No significant differences in our cases:

Plasma Phys. Control. Fusion 61 (2019) 044003

@
0.00 [k 8 PR A BV ) \*% VIS I TR P i B -
0.20 0.25 0.30 0.35 0.40 0.20 0.25 0.40
r'a r/a

Figure 2. P CHEOARS TP gnd Lagranglaq coherent swuctures (LCS) of Figure 4. Comparison between the structure of repelling LCS in blue
the magnetic configuration comesponding to the snapshot taken at (the same as the ones in figure 3) and the ridges of the finite time
v 600 T4, i.e. before the formation of lth quasi-helical Smll‘:' LCS Lyapunov exponents (FTLE) in orange (same as computed in figure
am'ol\'crpl_oued - bd]u‘l" In this puturcq»;e;h;w only the n'(‘",,‘::[ 7 of [46]). They are qualitatively similar but LCS offer the deepest
radial region around the m = 1, n = 9 helical core (at r = 0.26a, insight of the topological structure of coherent structures.

0 = 0), where a weakly chaotic magnetic field is present.

Pegorardr., Bonfiglio, Cappello, Biannatale FalessiGrasso, Verand®PCF(2019)
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Back to Chaos healing effect due to helical structure

yd

e LCS detected 1 n si mul

(soon application to RFX experimental data )

at

On
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Lagrangian coherent structuresdetectednearby conserved surface

~ 1000, , 1 mn

S ; —1,-7

2 oL ; L8 Conserved surfaces are

S F ] - never lost during the

T oEe— — s e R F Psawtoothing ¢
6.0°0"  62:10" 6410 §4.6+10" 6.8°10* 7.0010%~_7.2°10* 7.4+10*

t(1y)




