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ABSTRACT Some open issues, Ongoing work:
Since the early 90ties, 3D nonlinear MHD studies have been developing a fundamental framework for the understanding of the Relaxation-Reconnection processes are governed by DIMENSIONLESS PARAMETERS ( v ) & Boundary constraints ( RMP )
Reversed Field Pinch (RFP) self-organization. . Assessing realistic Boundary Conditions

3D reconnection processes strongly characterize the pinch dynamics both in low and high dissipation regimes
(Lundquist/Hartmann number).

This is partlcu_larl_y evident during the so-c_alled sawtooth actmty observed in both M_ultlple anc_:l Quasi Hgllcal regimes W_here . Addressing profile impact sensitivity and estimate of experimental effective Hartmann H = ( vz ) 2
the natural kinking of the current carrying plasma column triggers nearly periodic relaxations associated with localized o _ _ _ _

shrinking/collapse of the global magnetic field perturbation. Heuristic approach (momentum transport in plasmas is a longstanding open issue)

We here provide a survey of the typical magnetic reconnection manifestation in nonlinear visco-resistive MHD: — THIS CONFERENCE  Vivenzi et al, Theory Fusion Plasmas 2022 JPCS — Vivenzi et al PoP 2023
— THIS CONFERENCE Veranda et al Plasma flow and QSH regimes transition

» Further develop analogies RFP — Tokamak

« 3D current sheets formation and related flow patterns, Alfven waves excitation at sawtoothing (ohmic)
— THIS CONFERENCE Kryzhanovskyy Bonfiglio et al, Nuclear Fusion 2022, Kryzhanovskyy et al, paper under revision

* What is the mechanism of “anomalous” ion heating in RFPs (observed at sawtoothing) ?
 Excitation of Alfvéen waves, non resonant Alfven wave particle interaction Sattin Escande paper in preparation
» Assessing magnetic topology characterization - Lagrangian Coherent Structures validation on experimental el TB

follow up of Veranda et al, NF 2017

Verification SpeCyl — PIXIE3D (Chacon-LosAlamos) and proof of principle studies on free-boundary modes
— THIS CONFERENCE Spinicci Bonfiglio et al, AIP Advances 2023

« Magnetic into kinetic energy conversion - possibly providing ion heating,

« Mode phase locking, (toroidal collapse of the helix),

« Pacing of the sawtooth cycle of both RFP & Tokamak by suitable Resonant or Non resonant Magnetic Perturbation

SAWTOOTHING: nearly periodic relaxation — reconnection events PHASE LOCKING
INTRODUCTION RFP $=105, P=10
FO) o
RFP experiments: at high current <> ordered KINKED plasma - advanced operation with Boundary Control - e,
— physics RFX-mod: I e ). fs =i
5 ol CLEAN MODE CONTROL Total ::LLM Magnetic <IN N
(£x10) and/or MAGNETIC 2 32 N\ into o \ e
S NON CONVENTIONAL SCENARIOS maElﬂc 2 F w  Kinetic A | E (5 4
5 001F 3 %0,081: o | - &
(PPCD-OPCD) energies e u.(mJ\vk M \ o Egﬁi ] A
YT . i 1 TWade | amplitudes 002 ) ]
<N\ LI 77 Magnetic 4x107 ’, ﬁ ﬂ h ' ﬂ ,_ Lok o S U
A = dd T =\ Energy and 22107 | ; — K dt ks = 1200 1400 1600 \.‘ \ 1500 2000 : J// contours
— 10T S\ ' y .. 0 £ 3
— ! \ 3 He“C'ty 0 2x10° 4x10° 6x10° 8x10° 1<10* SE i
MHD E s pas LA ' dissipation W -~
spectrum: > 6 4 SIS ' ratac s /
resistive kink a E ‘ ohases 25 ~
: : ‘ X 7\
/tearing modes 2f : 3D current sheets formation Oi];m T T
o =Ml AAAAIREINIA. . Feedback coils system
n . .
Achieved operation: 0 10® oo
. I to 2.0 MA o 3D: all of the Alfven Waves excitation
3D MHD: Key for saturated kink p upto2.0 ] 16 = | ( - J-B
Te up to 1.2 keV F - modes contribute)

N RFP S=10°, P=10

Dimensionless paramaters & Boundary
high dissipation and/or seed edge MP

. T A A
-----------

RFX-mod like density
profile assigned

Alfvén Eigenmodes
(in particular the GAE
Pl Eae and the 1% CAE) are
Alfvén waves spectrum g 2o _ \ \ _ excited by magnetic
(m=1, n=0) r= 0,6a T T T

Nonresonant helix MP-stimulated: suggested by theory - achieved in RFX-mod

Veranda et al EPS 2011, Bonfiglio et al NF 2011, Cappello et al IAEA 2012, Veranda et al NF 2017 t / T A

6000

0 2000 4000

reconnection event.

6 T T T T T T T TR T

< 0.008

. os0 @ - V . o .

L Lo EM 1Y HE sEe I Approximate analitic solutions
- ¥ 10.45

84

1oy model: the natural kinking of the current carrying plasmas in a flux conserver

Toy model

| 1035
)))))

Early elements: Kink _
Verhage-Furzer-Robinson NF 1978 , Cappello & Biskamp Nucl Fus 1996 j L saw
Kadomtsev 1992 (Sawer PoF1959) unstable | .~ v solenoidal effect WTA ]
.................. by the wire itself : : e , " P oar
L. New helical regime, with different pitch m/n = 1/n,,: 0 . e
wire o a) e | 00 02 04 ¢ /a 06 08 10
................... _ 3[MHD $=10,M=100 MP=1% | (Lhgeu)
= - (1,—6) (1,-8) (1,-7) .
—————— ] = L Experimentally observed in RFPs:
(I) B s / “E{: 2+ yr - Kryzhanovskyy Bonfiglio et al NF 2022 Sppagnolo N;2011 and therein refs, Koliner PRL 1
> =4 = : : 2012
B-flux " — = ”1/ simulation
o
conserver e’ . Iﬂw
. (shell) = W L;-"'lft ,Lﬂ U DN A AL Dynamical Transition di :
Elaborated in: ol MU A N s Y ynamical Transition diagram: .
Benisti Escande EFTC 1998 : , _ 0.0 0.1 0.2 m=0 modes amplitudevs H >=1[10%:10
Escande et al. PPCF 2000 Kink saturates when 0> (dlsruPtllo_H) b) 3[EXP I,=15MA ‘MP-14%  spont. | | Successful o0 gl i l.
Cappello etal., . for too small % - (1,-6) (1,-8) (1,-7) i i <
Theory of Fusion Plasmas - Varenna 2008 edge field reversal 1s forced (Tokamak case) — 2l RFEX mod 10-1.
= experiments: = asH MH sk
;:l 1 © —2 E i
s, al_ternatlve ns 2 i Ogi mO MP on With RMP ( |
After kinking o o stimulated by = .| oe | ® g |
? \ § RO et R S o ! Veranda, Bonfiglio Cappello et
E Y A § OL ' R —— seed MP @ | al NF 2020
/ 0.00 0.03 0.06 0.09 0.12 10-4 S— . . Cavvell
P 3 2 5 6 ippello & Escande PRL 2000
t () Veranda, Bonfiglio, Cappello et al NF 2017 - Hartmann number ?
“_ | ” IF R 4 i 4
.."slinky” instability “contiguous coils” attract each other :
S Pacing of the sawtooth cycle of both RFP & Tokamak
. Trend with increasing H and applying MP
... localized collapse
> >
@:MO“, M=30, B (a)=0 S=106, M=10", B (a)=0 5:1()6, M=10"(b""/B(a)=2%
04R 04 . .
plasma buldging-collapse at a toroidal location, similarly in experiments and nonlinear modeling... 3 U-OOi\W .00 = WV
S -0.04] 1 /V\/ W V/ :
’ Intermi | Helical Regimes develop at high I i’ o o o0 o 0w '
‘ RFX-mod OVERVIEW ntermittent Quasi Helical Regimes develop at high Ip, t 000 005 0.0 0.5 020  0.00 0.05 0.10
when feedback coils scheme system aims at Br(a) =0 o "y 0 1ty =
: : : S : | | -0 o
HELICAL persistency increases with ITB f . =20 i - i 1 g ) Similar to RFX-mod
N : i ] - = .
current - up to 85% of flat top € ormation g 10, _ 5 | 19 dlschda.rgei atI
E@ 02 j[k\ 0 A ,, | V% %(1) ‘ | Intermeadiate” values
£ | 7 Piovesan et al o : - - WA IS A L - of plasma current
¢ NG N LT — S _ 000 005 010 015 020 0.0 0.05 010 o 0.05 0.10
2 Valisa et al. PPCF 2008 <L $ 11| Puiatii et al NF 2015 ' | - Siax Bam S @ /g 1.
Db | -2 (Deuterium) o w4 oo / v 4098, 117ms Trend with increasing H and applying MP
0 O : QSH - ; Y 13=1.3MA > N
- Similar behavior in 60- . — 06 _
_ ) - ; n/ng=0.20
1 n_-7 1 dominant MST experiment: ] £ .': Tet \\. 16 S=106, M=33, B (a)=0 S=10°, M=330, B (a)=0 HeL 810" 52105 M330( VB0 Hel Sxl0h Sel06. o330 (o Blal 3
e EA - Chapman et al IAEA 'I " 04 y: ' -_22201 _— ¢ : ’ e NG ' =1.8x10", §=10", M=330,b,"/B(a)=0.
' ' | EX/P6-01 (2012 | - o b ’ 0
secondary ( -Sarﬁ‘etagNij.? jl 02 ,":‘ Wt ﬁ’\-'ﬁ.:- 11,=0.7MA < § L.5F 1 L5 1.5 ] L5 Snakeik | librium d ]
[ . * In/ng=0.22 ~ : ] Mitigation ] nake-like equilibrium due |;
, s ) " ™y A — LJ" o,o'f . . : e > S 1.0} 1 1.0F ] 10§ due to applied MP 1 1.0¢ to applied MP
0006 07015 Y2 05 03 03 04 A 05 pamearen(W) 15 W 0 6w < & | | |
| e | X 205 |05 0.5} ] 0.5} -:
Dominant mode (internal) |C_) < 00l 100 . 0.0 | sl M
Secondary modes 00 01 02 03 04 00 0.1 02 00 0.1 0.2 0.0 0.1 0.2
e 7 i, 1

T,, n, get a helical shape - T,steep gradients ...

Bonfiglio, Chacon, Cappello PoP 2010  Bonfiglio, Escande , Zanca, Cappello NF 2011 Veranda, Bonfiglio Cappello et al EPS 2012 Bonfiglio, Veranda , Cappello et al PPCF 2015

*f’f"-.:‘:’:,
o8 \ 4 ? .
' Grad (Te) vs time idth “W”" i ' ' ' i - - ot - :
oo f 4/ ... hot statlonary. (Te) Thermal structure width “W”: increases W|’§h helllcal almplltude 3D nonlinear MHD SpeCyl code - simple visco-resistive approx. Model equations transformed: The Hartmann number
= os Fﬁ‘ S Temporal evolution : - ; ; (0)]
§ Secondary modes 0.50 7 £
> ? \/ W nature of ther.mal st.ruc'Fure E- - : V‘ — [ [ ] /B Cappello & Biskamp Nucl. Fus. 1996 t—>1t= U t Vo V= %V
s eeunl Physics under investigation | £ I ] g2=VA(VAB)-VA(nJ) !
rim) F g 11 E'l___—l-—_+/" E ":-_D\L E - E ﬁt
' Kug 040 | i =1,/ two dimensionless parameters i — v =
bout O ] ol : N = TA/TR p S M ( n V) H P Magnetic Prandtl P= v/m =S/M

B M##}g Z:gginetei/a/\lll;lfglz;OB 2ug) +\| _ W 055:}““*‘+-_- ] ((:jl\t/:‘] ABHv Vv with assigned radial profiles ( ) ’ (H.P) Hartmann number H = (v ) 2
i 0sf ? 07_ ; ' E || :
| m’**ﬂw Gobbin et al PPCF 2015 c L SSOUONO | S V=TT Lundquist: S=1/m i regulates born B R 1

ol ‘*‘++‘+.+*+‘+ obbin et a 2 30035 b‘_,fé&)z 45 300 35 40 45 50 p=E1 V=0 Viscous Lundquist M =1/v %:ﬁg;\iemnsé%iz?on é,f:V/\(V/\ B)_V/\( H'l'J)

ToTos T0eT0E 0 orenzini et al NatPhys 2009 | oy1/80)% “tyoical” bound diti

. . . . Ical” boundary conaitions: i i :
helical mode amplitude helical mode amplitude vP Y H measures the relative weight of:
B’,=0 ( flux @) electromagnetic Lorentz forces ql d\_/
- 2=V (constant magnetic flux - visco-resistive friction —JAB+V2(H-1V
o Z YW =JAB+V Y
r Finite difference . Governs the balance between P t (H )
6,¢  Spectral formulation - Constant Ez - nonlinear mode coupling and
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2020 _NF_Veranda e al_ Helically self-organized pinches dynamical regimes and magnetic chaos healing - Thin shell + vacuum layer +ideal wall nonlinearly driven m=0 modes
2020_RendFisAcclLincei_Veranda etal _ Magnetic reconnection in three-dimensional quasi-helical pinches velocity field: no slip Cappello & Escande PRL 2000 nonlinear properies
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2022_NF_Gobbin et al_ lon heating and energy balance during magnetic reconnection events in the RFX-mod experiment



