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1. RFX site - CNR area 

 

2.   RFX team  

 

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

 

outline RFX lab in Padova Italy ï Overview 
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RFX =   Ricerca Formazione Innovazione 

  Reverse Field eXperiment  



Consorzio RFX is hosted in the Padova ñCNR research areaò 

http://www.pd.cnr.it/ CNR: National Research Council 



ñPalazzo della 

Ragioneò  

Padova University 

historical site 

From the web 

From the web 
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Padova:  Area della Ricerca del CNR 

1) NBTF  

Neutral Beam 

Test Facilty 

for ITER  

 

Consorzio 

RFX:  

NBTF  
The negative ion Source«SPIDER» 

é just started operation 



Reversed Field Pinch, RFP, partners:   

USA - Sweden - Japan ï China 

Padova:  Area della Ricerca del CNR 

Toroidal  Plasma 

RFX device 2) RFX:  

RFP Device  

Consorzio 

RFX:  

Reversed Field Pinch 



About 1 5 0 people 

+ 25-30 students (international Padova ï Ghent Universisites PhD  

in FUSION SCIENCE AND ENGINEERING) 

RFX group 



    
  

  

Pellet 

injector  
X-ray tomography  

Thomson  

scattering  

Interferometer  

Reflectometer  

RFX-mod  

(1992 ï 1999)  

RFX 
(2004 ï 2015)  

(2021 é) 

RFX-mod2  

Max  Ip  2 MA  

Max  Bz 0.7 T 

RFP Pulse duration 

Tokamak Pulse  

0.6 s 

1    s 



RFP and TOROIDAL 

Configurations 

[*]  Book: Fusion Physics IAEA 2012 

[*]  

Stellarator Tokamak RFP 

R = 5.5 m  W7-X  
R = 3 m  JET  

(R = 6.21 m  ITER)  

R = 2.0 m RFX 

Confinement 

(R = 3.9 m  LHD)  

Coils Complexity Disruption risk 

Light Tech expected 

Increase plasma current 

Steady state Confinement 

The place of the RFP in MCF 

Several common physics issues: transport barrier formation, density limit é magnetic relaxation é  

(1.5 m MST USA 

 1.4 m KTX Hefei  China) 



outline 
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OUTLINE  

Introduction to the RFP: a Toroidal Pinch with Field Reversal ,  
 

Helical self-organization:  

a) Experimental facts  (mainly from RFX) 

Å Quasi helical states (QSH) in high current discharges (Ip > 0.8MA): 

Å Electron transport barriers, eITB, and Impurity screening effect; 

 

b) 3D non linear MHD modeling and magnetic chaos healing 
Å Transition to helical regimes,  

Å Key role of edge Magnetic Perturbations (MP) and realistic Boundary 

conditions :   

Non-Resonant and Resonant MPs é ñsynergistically interactò with helical self-organization process 

Å Magnetic chaos healing, Lagrangian Coherent Structures detection. 

  

é New regimes to be experimentally explored in RFX-mod2 from 2021  

Summary 



RFP device and 

configuration (RFX) 

RFX device 

coils 

induction of 

plasma current 

RFP  device and configuration set up 

toroidal magnetic field poloidal magnetic field 

mean 

magnetic field 

radial profiles 

RFX 

R=2.0m 

a=0.5m 

Ip->2MA 

R 

a 

MST 
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RFP Distinctive features: 

The RFP is a simple ohmic device.  

   No auxiliary: ï heating ï current drive ï momentum sources (typically used in Tokamaks) 

No relaxation to «primitive» axissymmetric or helical Taylorôs states 

Rather then relaxing to the «primitive» Taylorôs relaxed stateé  

the RFP tends to approach a contiguous helical ohmic equilibrium resulting from 

the nonlinear saturation of a resistive-kink /tearing mode,  

(é to which a pinch configuration is normally prone, Tokamaks too, ) 

 

In fact, the RFP plasma kinks according to B pitch in the plasma core. 
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RFP Distinctive features: ñkink self-organizationò in MHD 

Since early ó90ties, 

 

3D nonlinear MHD simulations envisaged the transition to ordered helical regimes :  

- as ruled by dissipative parameters (with ideal magnetic boundary),   

     (then clearly observed in experiments starting in the late ó90ties), 

 

 

More recently (2013 onward), 

 

Refined Boundary Conditions schematically mimicking real magnetic front -end:  

 

-    seed edge Magnetic Perturbations (with suitable pitch choice),  

predicted new «stimulated» helical states, é then successfully obtained in experiments, 

 

-    thin resistive shell + vacuum layer provide much closer quantitative description of 

experimental behavior. 



Preview of main 

modeling tools 
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a) Experimental facts and b) Modeling results 

       RFP self-organization 



 

 

 

 

CLEAN MODE CONTROL  

and/or  

NON CONVENTIONAL 

SCENARIOS (PPCD-OPCD) 

 

RFX-mod  

 

 

 

 

Feedback coils system 

Typical operation: 

Ip  ~ 1.7 MA  

Te  up to 1.2 keV 

Advanced operation 
required in RFX-mod 

RFP    ź   saturated KINKED plasma 

 

for Ip above ~ 1 MA   

Overview RFP self-

organization 

( x x 10 ) 
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MHD spectrum: resistive kink-tearing modes 

                        
   

MH QSH 

       RFP self-organization RFX 



 

 

 

 

CLEAN MODE CONTROL  

and/or  

NON CONVENTIONAL 

SCENARIOS (PPCD-OPCD) 

 

RFX-mod  

 

 

 

 

Feedback coils system 

Typical operation: 

Ip  ~ 1.7 MA  

Te  up to 1.2 keV 

Advanced operation 
required in RFX-mod 

Overview RFP self-

organization 
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MHD spectrum impact on magnetic topology 

       RFP self-organization RFX 

RFP    ź   saturated KINKED plasma 

 

for Ip above ~ 1 MA   

( x x 10 ) 

                        
   

                        
   

MH SH 
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Martin, Marrelli , Spizzo et al. NF 2003  

TPE-RX  Japan 

MST        USA 

T2R         Sweden 

QSH 2003 

More recently also: 

RELAX (Japan),   KTX (Hefei- China) Escande, Martin, Ortolani et al. PRL 2000  

RFX 

RFP helical self-organization: several experiments RFX ï TPE ï MST ïT2R 



QSH 2008 

Dominant mode (internal) 

ave secondary modes 

HELICAL persistency increases with current - up to > 85% of flat top 

Piovesan, Zuin  et al NuclFus 2009  

Puiatti, Dal Bello, Marrelli   et al. NF 2015 

MH 

Quasi SH 
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RFP helical self-organization: a robust process 

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

(hydrogen RFP discharges) 

RFX -mod 

Similar behavior in MST experiment:  

- Chapman et al IAEA EX/P6-01 (2012)  

- Sarff et al Nucl Fus 2013 



QSH 2009 
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Formation of e-Transport Barriers  

Te 

MH 

Lorenzini, Martines, Piovesan et al NatPhys 2009 

Piovesan, Zuin, Alfier et al NF 2009   

QSH 

24598, 117ms 
IP=1.3MA 
n/nG=0.20 

22201, 35ms 
IP=0.7MA 
n/nG=0.22 

RFP helical self-organization: barriers formation  RFX -mod 



Thermal barrier - 

q_h shear 

reversal 
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Gobbin, Bonfiglio, Escande et al   PRL 2011   

Position of the eITB vs the maximum_q location 

for RFX-mod experimental SHAx states.  

Helical q:  q(r) gives the number of toroidal turns field lines perform  

          for one poloidal  turn around the helical axis  

max(q) position (cm) 

eITB 

position 

(cm) 

Error bars in the abscissas are due to 

uncertainties in equilibrium reconstruction. 

Te 

Helical q 

Helical 

flux 

surfaces 

é the barrier foot is close to the vanishing magnetic shear location  



QSH 2009 
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RFP helical self-organization: barriers formation  

é and Impurity screening effect 

Puiatti, Valisa, Agostini et al NF 2011 

Carraro, Auriemma, Barbui et al EPS 2014  

Menmuir, Carraro, Alfier et al PPCF 2010 

Simulation of Ni 

normalized total 

density at the 

steady state, 

after Ni target 

Laser Blow Off 

RFX -mod 

Tungsten  

Laser Blow Off  

in QSH  

TESPEL experiments (RFX-mod2 ) 

planned in collaboration with NIFS 

QSH 

MH  

a.u. 



QSH 2015 Deuterium 
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Puiatti, Dal Bello, Marrelli , et  al. 

NF 2015  

Isotopic effect: Deuterium discharges 

Lorenzini, Agostini, Auriemma et al 

NF 2015   

RFP helical self-organization RFX -mod 

QSH  improvement in persistence and Te 

r/a r (m) 

t =0,16 

n=7 

    6 

    8 

    9 

  10 

  11 

#36451 

n=7 



Preview of main 

modeling tools 
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RFP self-organization 

a) Experimental and b) Modeling 

Transition to helical states: 

 

Å Simple description from a toy model:  

 current carrying wire in a flux conserver,  

 

Å 3D nonlinear viscoresistive Magnetohydrodynamic 

modeling:  

V Transition to helical regimes, and  

V Magnetic chaos healing 



Toy model 

Elaborated in:  

Benisti Escande EFTC 1998 

Escande  et al. PPCF 2000 

Early elements: 

Verhage-Furzer-Robinson NF 1978 

Kadomtsev 1992 (Sawer PoF1959) 

RFP Toy model: intuitive  RFP   
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Ishell 
é saturates when 

edge field reversal 

is reached 

Kink 

unstable 

é a current carrying wire in a flux conserver: 

Iwire 

FB-flux 

conserver 

solenoidal effect 

by the wire itself 

r0 Ą 1 ÄÉÓÒÕÐÔÉÏÎ fÏÒ ÔÏÏ ÓÍÁÌÌ 
Iwire
F
  

4ÏËÁÍÁË ÃÁÓÅ 



slinky RFP Toy model: useful to describe the ñslinky -phase locking- effect ò  

éñslinkyò instability 

plasma buldging-collapse 

at a toroidal location, 

similarly in experiments 

and nonlinear modelingé 

Cappello  et al., Theory of Fusion Plasmas - Varenna 2008 

ñcontiguous coilsò attract each other é  

After kinking é 
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é localized collapse 



 SpeCyl - model eq b typical BC and IC 

Geometry: axially periodic cylinder  

vBJv 2

d
d Ð+Ø= n

t

0,1 ¹¹ pr

)()( JBvB h
µ
µ ØÐ-ØØÐ=

t
two dimensionless parameters 

with assigned radial profiles 

 

Lundquist:        S = 1 / h 

Viscous Lundquist  M = 1 / n 

 n = tA/tv 

 h = tA/tR 

Cappello & Biskamp Nucl. Fus. 1996 

SpeCyl code - simple visco-resistive approx. 

r  Finite difference  

q, f  Spectral formulation 

t   Predictor-corrector + semi-implicit 

  

r 

q 

a 

z 

2pR aspect ratio 

R/a= 4 (RFX) 
z =2p f 
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Magnetic Prandtl  P =  n/h = M/S 

Hartmann number H = ( nh ) -1/2 

Cappello & Escande PRL 2000 

3D nonlinear MHD 



 SpeCyl - model eq b typical BC and IC 

Geometry: axially periodic cylinder  

vBJv 2

d
d Ð+Ø= n

t

0,1 ¹¹ pr

)()( JBvB h
µ
µ ØÐ-ØØÐ=

t

 n = tA/tv 

 h = tA/tR 

Cappello & Biskamp Nucl. Fus. 1996 

SpeCyl code - simple visco-resistive approx. 

r  Finite difference  

q, f  Spectral formulation 

t   Predictor-corrector + semi-implicit 

  

r 

q 

a 

z 

2pR aspect ratio 

R/a= 4 (RFX) 
z =2p f 

ñtypicalò boundary conditions: 

- Bôz =0 (constant magnetic flux F) 

- Constant Ez (or constant total toroidal current  Iz) 

- Ideal boundary 

- With MP on B r m,n (~ 2%, 4 %...) 

- Thin shell + vacuum layer +ideal wall 

- velocity field: no slip. 

initial conditions define F,  Iz  
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3D nonlinear MHD 

two dimensionless parameters 

with assigned radial profiles 

 

Lundquist:        S = 1 / h 

Viscous Lundquist  M = 1 / n 

m,n 



Solutions: bifurcation 

MH SH SpeCyl 3D simulations: after relaxation to reversed state, 
a continuous transition between different regimes is found (ideal BC): 

High dissipation 

Saturated kink  

Single Helicity - SH 

Low dissipation 

Mode 

energy 

nearly-periodic relaxations 

Multiple Helicity - MH 

F(t) F 
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RFP ñsawtoothingò cycle 



MP intermittent QSH 

as in exp. Example of QSH regime similar to experimental ones  with MP (1,7) 

Bonfiglio NF 2011 

Veranda PPCF 2013 

Bonfiglio PRL 2013 
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Typical RFP 

sawtoothing 

Mode amplitude 

The amplitude of secondary modes decreases with Lundquist, S, 

The threshold MP% to excite a dominant mode decreases with S too. 

(1,-7) mode 

RFP ñsawtoothingò cycle 

(Ideal wall + MP) 
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Bonfiglio EPS 2019 

(1,-7) mode 

RFP ñsawtoothingò cycle 

Example of QSH regime similar to experimental ones  - no MP 

  thin resistive shell +vacuum layer+ ideal wall 

F(t) 

Mode 

amplitude 

bz(a)% m,n 

 

 

 

 

br(a)% m,n 

 

 

 



Chaos healing MP_7 Chaos healing effect due to helical structure 

Inspection of magnetic topology during a typical QSH 

sawtoothing cycle in simulations 

MH SH 

We shall see an intermediate situation in between MH and SH  MH SH 
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Chaos healing MP_7 Chaos healing effect due to helical structure 

The width of conserved helical core evolves 

Core conserved 

surfaces are lost at 

slinky collapse 

Poincare plots: secondary modes divided by 5 to match experimental amplitudes (as scaled to S= 107) 

Max_q surface (orange curve) encompasses conserved magnetic surfaces 

[Dominant mode  

separatrix  expulsion  

Escande et al  PRL (2000) ] 

r 
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é in passing, a brief digression to mention the reconnection events features: 

       

- current sheets formation,  

- mode phase locking,  

- excitation of Alfven waves 

F(t) 

Mode amplitude 

bz(a)% m,n 

Total 

MAGNETIC 

energy 

Total 

KINETIC 

energy 

Magnetic Energy 

and Helicity 

dissipation rates 

RFP ñsawtoothingò cycle 
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Radial 

profiles 

BJÖ

2D 

contour 

plot 

3D 1D 

current sheets formation mode phase locking and excitation of Alfven waves 

RFP S=105, P=10 
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RFP S=105, P=10 

current sheets formation mode phase locking and excitation of Alfven waves 

J// contours 

phases 

amplitudes 
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current sheets formation mode phase locking and excitation of Alfven waves 

RFP S=105, P=10 

RFX-mod like density profile 

assigned 

Alfvén Eigenmodes  

(in particular the GAE and the 

1st CAE) are excited by 

magnetic reconnection event. Alfvén waves spectrum 

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

wtA 

EM 

EK 

F 

t /tA 
r /a 

Experimentally observed in RFPs:  

Spagnolo NF 2011 and therein refs,   Koliner PRL 2012 

Approximate analitic solutions 

Artur Kryzhanovskyy - Master Thesis 2018 - PhD work 
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Back to Chaos healing effect due to helical structure 

 

é when we excite via suitable MP a Non-Resonant helical regime 
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Chaos healing  MP_6 More efficient chaos healing by stimulating n=6 (Non Resonant) 

Conserved surfaces 

are never lost 

Poincare plots: secondary modes divided by 5 to match experimental amplitudes (as scaled to S= 107) 

No shear reversal in such helical configurations built upon non resonant modes é 



    Subtitle Ridges 
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We started to develop: 

numerical tools to detect Lagrangian Coherent Structures  

able to confine magnetic filed lines 

 

Borrowed from ordinary fluid context  
 (spreading of ñpassiveò entities: pollution, contaminants, pollen, é) 

 

Collaboration with Grasso (CNR ï ISC Torino, PoliTO), Pegoraro (Pisa Univesity),  

            Borgogno (PoliTO Torino), Rubino (ENEA-Frascati)   



    Subtitle Ridges 
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Confining magnetic structures may exist hidden in the chaotic sea surrounding the 

conserved magnetic surfaces (KAM), ñremnantò structures: small leakage Cantor sets. 

 

Lagrangian Coherent Structures: coherent patterns that organize the transport of field 

lines, provide a signature of Cantor sets. 

Lagrangian Coherent Structures detection tool  

Two techniques have been developed and compared for 

our cases: 

- FTLE ñridgesò 

- ñmost repelling structuresò  
 

[Shadden et al  2005 Physica D 212 ] 

[Haller, Yuan Physica D 2000 

Haller Annu. Rev. Fluid Mech. 2015] 

[Di Giannatale et al, PoP2018 a,b 

 Di Giannatale et al, Varenna Lausanne Fusion Theory Conference,  Journal of Physics: Conf. Series 2018 

 Pegoraro et al PPCF 2019 

Soon: - Di Giannatale PhD Thesis 2019 

          - Di Giannatale AAPPS-DPP 2019 Poster Contribution] 



Ridges 1 
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First implementation of the technique to identify ridges 

Å simulation case 

(schematic one): 

Å Poincareô plot:  

developing chaos  

[Rubino, Borgogno, Veranda, Bonfiglio, Cappello, Grasso PPCF (2015) ]  

(integration length order 

of 1000 toroidal turns)  



Ridges 2 
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First implementation of the technique to identify ridges 

Å simulation case 

(schematic one): 

Å Poincareô plot:  

developing chaos  

(integration length order 

of 1000 toroidal turns)  

FTLE 

map 

ÅAlgorithm to extract extrema, which identify the ridges é  

[Rubino, Borgogno, Veranda, Bonfiglio, Cappello, Grasso PPCF (2015) ]  



Ridges 3 
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ñRidgesò: barriers to the transport of magnetic field lines 

Black ñcurvesò:    RIDGES  

Color:       magnetic field lines integrated for 100 toroidal turns  

(>> FTLE computation time = 10 toroidal turns) 

Colored initial 

conditions in the 

small squares at 

the opposite side 

of ridges remain 

separated  

 

Ridges 

detect 

confining 

cantori 

structures 
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LCS (Haller) and ñRidgesò (Shadden) techniques comparison: 

Pegoraro F., Bonfiglio, Cappello, Di Giannatale, Falessi, Grasso, Veranda, PPCF (2019)  

No significant differences in our cases: 
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Back to Chaos healing effect due to helical structure 

 

é LCS detected in simulation cases  

 
(soon application to RFX experimental data ) 
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Chaos healing  MP_6 Lagrangian coherent structures detected nearby conserved surfaces 

Conserved surfaces are 

never lost during the 

 RFP ñsawtoothingò cycle 


