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The reversed-field pinch (RFP) magnetic configuration

CONSORZIO REX

a The RFP is a toroidal, axisymmetric device for plasma magnetic confinement

similar to the tokamak, but with a different magnetic configuration.

QO For the same plasma current, the toroidal field is smaller in the RFP and it

reverses close to the plasma edge.
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The RFP configuration: advantages

a B atthe wall 10 times smaller than in a tokamak with similar plasma current
O = no need of superconducting coils (no related limit in |B|)
QO = reduced mechanical stresses at the wall

a With similar central B, larger plasma current gives larger ohmic heating
Q = high 3 by ohmic heating alone
O = no need (in principle) of additional heating systems to reach ignition

2 Disruption free configuration

Q However, stabilizing shell / feedback system needed to control MHD modes.
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The RFP configuration: self-organization

CONSORZIO REX

Q The RFP magnetic field is created mostly by currents flowing in the plasma:

self-organization by saturated current driven modes (m=1 resistive kink-
tearing modes).

Q |f more than one saturated mode: chaos and confinement degradation.
Q As yet, i in the millisecond range (for on-axis B=1 T).
O However, self-organization by a single mode is possible.

Q A regime of reduced chaotic transport, in which a single MHD mode dominates is
found in the RFX-mod experiment, with a 4x increase in tp..

nature
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The RFX-mod device in Padova (Italy)

The largest RFP in operation: QO Fully covered by saddle coils for
0 R,=2m,a=0.46m active control of MHD modes:

a Max I, =2 MA
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The operational regimes of the RFX-mod experiment
‘a Atlow current I, < 0.5 MA the multiple helicity (MH) regime is found.

a Quasi-single helicity (QSH) states, where the m=1, n=—7 mode dominates
and secondary modes are reduced, at medium current (0.5 <1, <1 MA).

oA typical feature is the appearance of a hot helical structure in the core.
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QSH at high 1! increased duration CONSORZIO RFX
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Q At low and medium current the 0O At high current (I,~1.5 MA) the
plasma preferentially stays in MH plasma is mostly in QSH with
with occasional transitions to QSH occasional back-transitions to MH

The helical RFP Improved confinement helical RFP states in RFX-mod 9



QSH at high I,: a new class of T, profiles appears — |cowsorziorex
0O The thermal structure is larger and an internal transport barrier (ITB) appears.
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Q A good matching is found when mapping T, on the helical magnetic surfaces
computed taking into account the helical deformation by the dominant mode.

a Magnetic surfaces are isothermal: this is a signature the helical RFP state is
an equilibrium state [R. Lorenzini et al., Nature Phys. 5 (2009)].
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Open issues In the physics of the helical RFP

a MHD dynamics:
a Why does the helical state spontaneously arise at high current?

O What is the cause of the transient back transitions to the low confinement state?

Q Transport:
a Why do internal transport barriers arise?
Q What is the contribution of residual magnetic chaos to transport in these states?
0 What is the effect of other transport mechanisms?
0 How does the transport extrapolate to helical states in devices with larger I,?
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The 3D nonlinear visco-resistive MHD code SpeCyl  [consorziorex

Q The spectral code SpeCyl [S. Cappello and D. Biskamp, NF 36 (1996)] solves
equations of the nonlinear visco-resistive MHD model in cylindrical geometry:

g—\t/+(v-v)v =JxB+W?*V | « momentum equation
oB
P -VxE=Vx(vxB-nJ)| <« Faraday-Ohm eq.

V-B=0, J=VxB

Q Physical approximations: p = const,p=0.

0 Resistivity: n = t,/1z = S! (inverse Lundquist number).

Q Viscosity: v = 1,/1 = R-! (inverse magnetic Reynolds number).
Q Prandtl number: P = v/n .

2 |deal wall boundary conditions are imposed at plasma surface r=a.
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The MH regime in MHD simulations

a Multiple helicity regime similar to the experimental one is observed in MHD
simulations. This simulation: S=3x103, P=0,012.

m="1

0 1000 2000
t<TQ
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Transition to SH when dissipation is increased

CONSORZIO REX

0 Asingle helicity equilibrium is found after increasing the viscosity to P=50.

The helical RFP Basic visco-resistive MHD description: transition to the helical RFP
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MHD bifurcation ruled by the Hartmann number

QO The existence of spontaneous SH equilibrium solutions for the RFP was
found in [S. Cappello and R. Paccagnella, Varenna workshop (1990), Phys.
Fluids B 4 (1992); J.M. Finn, R. Nebel, C. Bathke, Phys. Fluids B 4 (1992)].

Q The MHD bifurcation is mainly ruled by a single parameter, the Hartmann
number H=(nv)" [S. Cappello, D.F. Escande, PRL 85 (2000); PPCF 46
(2004); Phys. Plasmas 13 (20095)].

0 These results triggered the experimental discovery of the helical RFP.

m=0 modes £t
2
MH % FEEEE
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MHD bifurcation: open issue

a The MHD bifurcation from MH to SH occurs at small Hartmann number H=
(nv)2=S/\P, this means large visco-resistive dissipation.

2 In the experiment, the QSH occurs at high current, when the (resistive)
dissipation is small.

Q This may be explained by assuming a strong increase of viscosity with
plasma current. Anomalous viscosity? [Terranova et al., PPCF 42 (2000);
McDevitt and Diamond, Phys. Plasmas 13 (2006)]

Q Another possibility is that the use of a more refined MHD model (including
pressure, toroidal effects, the energy transport equation, etc.) could change
this picture.
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Pure SH in the cylinder: conserved magnetic surfaces

Q This is a consequence of the helical symmetry.

CONSORZIO REX

Q B-Vy=0: field lines lie on the magnetic surfaces with constant helical flux
function y=mA _—nrA4/R.
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QSH regime: chaos healing after separatrix expulsion
0 As soon as secondary modes are included (QSH): no more helical symmetry.

0O An increased resilience to chaos was observed in MHD modeling after the
dominant mode’s separatrix expulsion [D. F. Escande et al., PRL 85 (2000)].

small dominant mode amplitude:  large dominant mode amplitude:
magnetic island with separatrix separatrix expulsed, no magnetic island

—
chaos reduction

QO In RFX-mod, the ITB formation happens in concomitance with the expulsion
of the dominant mode’s separatrix [R. Lorenzini et al., PRL 101 (2008)].
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Chaos healing study: field line tracing code NEMATO

Q This motivated a more systematic study of the conditions for chaos healing in
the quasi-helical RFP [D. Bonfiglio et al., JPCS 260 (2010)].

Q For the topology study we use the field line tracing code NEMATO [J. M. Finn
and L. Chacon, Phys. Plasmas 12 (2005)], a volume-preserving integrator for
solenoidal fields on a 3D grid.

Q Chaotic field lines and integrable field lines are well distinguished: this makes
the code especially suitable to study weak chaotic magnetic configurations as
the ones observed in the helical RFP.

Q General results of the study:
Q Importance of separatrix expulsion for chaos healing confirmed;
0 Role of the safety factor profile also highlighted.
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Chaos healing study: nonlinear 3D MHD simulation

0O As a didactic example, we show a chaos healing study based on a nonlinear
3D MHD simulation giving the overlap of two magnetic islands, one of which
(n=—9) grows until separatrix expulsion.

Q Nonlinear 3D MHD simulation (SpeCyl): S=3x10%, P=1000, ®=1.5, R/a=4.

Q Initial perturbation: resonant m=1 modes with n=9 and n=—10.
Magnetic energy evolution Helical flux function

times studied with NEMATO (retaining n=—9 helical comp. of B)

t=600T, t=7107,

time (7,) X X
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Chaos healing study: before separatrix expulsion

QO t=600 t,: chaos between the two magnetic islands.

a t=710 t,: larger chaotic region, a few conserved surfaces appear within
chaos.
0 Blue: n=—9 island. Red: n=10 island. Blue curve: n=—9 separatrix.
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Chaos healing study: after separatrix expulsion

CONSORZIO REX

a t=750 t,: still some chaos, but larger region of conserved surfaces.

a t=790 t,: chaos healing almost complete, it persists later in time when

secondary modes are larger.

QO Role of separatrix expulsion for chaos healing confirmed.
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Chaos healing study: role of the q profile
0 Helical q profile: useful tool for the interpretation of the magnetic topology.

Q q(p): number of toroidal turns field lines perform for one poloidal turn around
the helical axis retaining the dominant helical mode (n=—9) only.

a t=750 t,: conserved surfaces located where the shear of q(p) is negative.

Q
0.10 i q=1/10
1
1
1
< 1
E 1
3 00F :
M~ I
! 0.05 .
:
1
1
|
1
07 e T e 0.00 H
—0.7 0.0 0.7 0.0 0.3 p 05

X
The helical RFP Basic visco-resistive MHD description: chaos reduction in the helical RFP 25



Other transport mechanisms in the helical RFP

0 Since chaotic transport should be reduced in helical RFP states, other
transport mechanisms may become significant:

0 Neoclassical [M. Gobbin, G. Spizzo, L. Marrelli, R. B. White, PRL 105 (2010); M.
Gobbin et al., Phys. Plasmas 18 (2011)];

O Microscopic turbulence: general electrostatic turbulence [F. Sattin et al., PPCF
53 (2011)], ITG [S. C. Guo, Phys. Plasmas 15 (2008); F. Sattin et al., PPCF 52
(2010); I. Predebon et al., Phys. Plasmas 17 (2010); S. Cappello et al., NF 51
(2011)], Microtearing modes [l. Predebon et al., PRL 105 (2010)], TEM.

Q In the ITB region, transport should be dominated by residual chaos and
microtearing turbulence.

0 Possible role of magnetic and/or flow shear is under consideration for the ITB
formation/sustainment.
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Magnetic and flow shear at the ITB of the helical RFP

0O Experimental reconstructions of the g profile show that g is maximum at the
ITB [M. E. Puiatti et al., PPCF 51 (2009); M. Gobbin et al., PRL 106 (2011)].

QO The flow estimated with passive Doppler Spectroscopy shows a maximum
shear not far from the ITB region [F. Bonomo et al., NF 51 (2011); P.
Piovesan et al., PPCF 53 (2011)].

O A maximum of the q profile is also found in helical equilibria provided by MHD
simulations. The computed MHD flow shear turns out to be peaked at the
position of the maximum q [D. Bonfiglio et al., EPS Conference (2010)].
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The 3D nonlinear extended MHD code PIXIE3D

Q The fully-implicit MHD code PIXIE3D [L. Chacdn, Phys. Plasmas 15 (2008)
and refs. therein] is developed by L. Chacon (ORNL).

0 It solves a more complete set of equations than SpeCyl

Q PIXIE3D (supplementary “extended” MHD terms in red)

a Continuity equation:

Qo,p+V-(pv)=0 (SpeCyl: p=1)
Q Momentum equation:

Ao, (pV)+p(v-V)Vv+pvVv(V-v)=IxB + Vp + vV
Q Energy equation:

Q0, T+Vv-VT+(y-1)[TV-v—(xkVT+Q)/p ]=0 (SpeCyl: T = 0)
Q Faraday-Ohm equation:

006,B=V x(vxB-nJ—-d/p(JIxB—-Vp,) +v.V3)
Q Gauss’s law for magnetism:

aVv-B=0
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PIXIE3D: formulation and discretization of equations
Q General curvilinear formulation:
Q Both cylindrical and toroidal geometries allowed.

2 Finite volumes discretization scheme in space:
0O Good conservation properties

a Fully implicit discretization scheme in time:

QO At =1 t, allowed (without accuracy degradation) [D. Bonfiglio, L. Chacon and
S. Cappello, Phys. Plasmas 17 (2010)]

Q Parallel code:
a With excellent scalability properties [L. Chacon, Phys. Plasmas 15 (2008)].

The helical RFP Extended MHD description: verification benchmark of SpeCyl and PIXIE3D 30



Verification benchmark between the two MHD codes

CONSORZIO REX

Q In the spirit of the verification and validation of numerical tools for magnetic
fusion [M. Greenwald, Phys. Plasmas 17 (2010)], a nonlinear verification
benchmark between PIXIE3D and SpeCyl has been successfully performed:

Q In the common limit of visco-resistive MHD in a cylinder

Q For both tokamak-like & RFP configurations in 2D and 3D

Q Details in [D. Bonfiglio, L. Chacén and S. Cappello, Phys. Plasmas 17 (2010)]
Q Just one example: 2D (helical) RFP simulation

(a) 2D RFP, S=3x10* P=300, m=1, n=—8

[ M=0
1 T | evolut
o emporal evolution
= 1o = of magnetic energy:
= m=10 |
~1070f - SpeCyl (—)
: 1 PIXIE3D (—)
W07W5 O ‘f
O 1000 2000 3000

t(74)
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RFP simulations in toroidal geometry: motivations

0 We want to study the toroidal effects on:

3 Nonlinear MHD dynamics
0 Does the transition to a stationary helical equilibrium occur in toroidal geometry?
Q Magnetic topology

0 Do the conserved magnetic surfaces of the helical RFP survive when going from
cylindrical to toroidal geometry? (no more symmetry in this case).

0 We expect to find m=0 islands due to the toroidal coupling at the qg=0 reversal
surface.

0 m=0 islands are thought to play an important role in confinement and density
accumulation at the edge of the RFX-mod device [G. Spizzo et al., PRL 96 (20006);
PPCF 52 (2010); E. Martines et al., NF 50 (2010)].
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Toroidal effects on MHD: transition to the helical state

0 First test of nonlinear toroidal simulation [S. Cappello et al., NF 51 (2011)]:
0 Resolution: n xngxn,, = 64x16x128.

Q Long target time to look at the nonlinear evolution of MHD modes.
2 A helical state is found like in the cylindrical simulation with same dissipation.
0 Stationary conditions not achieved: back transitions like in the experiment?

—_m=1, n=—10 _other m=1 modes

t(7a)
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Toroidal effects on MHD: toroidal harmonics

0 To look at the properties of helical RFP states in the torus:
Q Higher resolution: n xngxn,, = 128%32x512, but short target time (=100 t,).

Q Initial perturbation on (m = 1, n = -9) mode only.
0 After a linear growth phase, a helical configuration is found (not stationary):
QO Toroidal & poloidal harmonics of the helical mode due to toroidal coupling.

—m=1, n=0 _m=1, n=-9 __toroidal harmonics
100F —— [ TTTTé T,

O o0 100 —=%6 =2/ =18 =9 O 9 18 27
t(7a) N
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Toroidal effect on topology: still conserved surfaces

2 Conserved magnetic surfaces are found in the helical state also in toroidal
geometry (at least for this large R/a=4 aspect ratio).

1.0 ‘
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3.0
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Toroidal effect on topology: still conserved surfaces  |coxsorziorex
2 3D representation of magnatic surfaces in toroidal geometry.
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Toroidal effect on topology: m=0 islands

CONSORZIO RFX

2 Poincaré plot through the (r—) surface shows the presence of m=0 islands.

The helical RFP Extended MHD description: the helical RFP in toroidal geometry

J m=0 islands
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Coupling with transport

0 We still have to study the coupling with the temperature equation for the RFP,
as in [M. Onofri et al., Phys. Plasmas 18 (2011) and refs. therein].

Q As an intermediate step, we are going to do helical simulations in cylindrical

geometry with a self-consistent resistivity n=n(p).
n=n(r) n=n(p)

*0.55

-1oL ..

—1.0 —0.5 0.0 0.5 1.0 —1.0 —0.5 0.0 0.5 1.0
r/a

r/a
0 We expect this should have an effect on the final helical equilibrium [D.
Bonfiglio et al., ICPP 2006 (online proceedings)].
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Summary

CONSORZIO REX

Q In this talk, the present status of the theoretical research carried out at RFX

on the physics of the helical RFP has been reviewed.

Q Many experimental observations on the RFX-mod device are reproduced and

even predicted on the basis of nonlinear 3D MHD simulations.

Q Numerical simulations with the SpeCyl code, based on the visco-resistive

MHD model in cylindrical geometry, are able to show:
Q transition from the multiple helicity to the single helicity regime;
Q reduction of the magnetic chaos in the helical regime.

Q The PIXIE3D code, based on a more complete set of equations in a general

curvilinear geometry, provided its first results:
Q excellent agreement with SpeCyl (nonlinear verification benchmark);

Q conservation of helical magnetic surfaces when going to toroidal geometry.

The helical RFP

Summary, open issues and future work
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Open Issues

Q A number of open issues in the physics of the helical RFP still remain to be
addressed, as already mentioned.

a MHD dynamics:

0 Helical states are found at high dissipation in visco-resistive MHD simulations,
while they appear at high current (low resistivity) in the experiment: why?

O What causes the back-transitions to the low confinement state?
Q Transport:
Q A quantitative explanation of the observed temperature profiles is still missing.
a Why do internal transport barriers arise?
Q What is the role of the different transport mechanisms?
Q How can we further increase the confinement of these states?
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Future work
0 To address all of these topics, we will pursue the theoretical research with our
numerical tools (PIXIE3D):

Q First, we will continue along the two branches of the present research (toroidal
geometry and inclusion of the temperature equation).

Q Then, we will start to put all together.

Q Eventually, a fully self-consistent coupling between MHD and transport
(macroscopic + microscopic) will be probably needed to catch all the physics of
the helical RFP.

Q After all, the RFP is a genuine 3D, self-organized configuration:

Q rather difficult to understand;
Q but quite fascinating to study! ;-)
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Several MHD modes may coexist in the RFP

Q The RFP configuration is prone to the onset of several MHD resistive kink /
tearing modes with m=1 and m=0.

0.15F
Safety factor: [
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Q In fact, for a long time the RFP has been mainly observed in a turbulent
regime with a broad MHD spectrum.

The helical RFP Improved confinement helical RFP states in RFX-mod 45



QSH at high 1;: a helical RFP equilibrium Is obtained J

a A good matching is found whem mapping T, on the helical magnetic surfaces
computed taking into account the dominant mode only.

Q Signature of an equilibrium state [R. Lorenzini et al., Nature Phys. 5 (2009)].
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QSH at high I: correlation between ITB and q profile

CONSORZIO REX

Q Like in the tokamak, a null of the
magnetic shear could help to reduce
transport at the ITB.

Q In fact, the position of the ITB is
correlated with the maximum of the
safety factor profile [M. E. Puiatti et al.,
PPCF 51 (2009); M. Gobbin et al., PRL
106 (2011)].

Q The q profile is computed as the
number of toroidal turns field lines
perform for one poloidal turn around
the helical axis. p = effective radial
coordinate starting from the helical
axis.
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QSH at high 1,: overall confinement improves

Q The amplitude of the dominant mode increases with I,, while secondary
modes decrease.

Q The energy confinement time increases with I, [P. Piovesan et al., NF 49
(2009)].
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QSH at high I: overall confinement improves CONSORZIO RFX

Ricerca Formazione Innovazione

a The energy confinement time increases with | [P. Innocente et al., NF 49
(2009)].

Tz (MS)
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MHD bifurcation ruled by the Hartmann number

O The existence of spontaneous SH equilibrium solutions for the RFP was
found in [S. Cappello and R. Paccagnella, Varenna workshop (1990), Phys.
Fluids B 4 (1992); J.M. Finn, R. Nebel, C. Bathke, Phys. Fluids B 4 (1992)].

Q The MHD bifurcation is mainly ruled by a single parameter, the Hartmann
number H=(nv)" [S. Cappello, D.F. Escande, PRL 85 (2000); PPCF 46
(2004); Phys. Plasmas 13 (20095)].
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Rescaling of the model equations
Q Iftime is rescaled as . |n. itfollows that - [v
t—>t= "t VV=, [V

Q Definitions: Harmann number H = (n)v)"?; Prandtl number P = v/n
Q The model equations are rescaled as:

§=VA(VA§)—VA( H1J) (Nn,Vv) > |(H,P)

1 d&v_7.B+v2(H17) = H is the important parameter
p dt when inertia is negligible!
p=1,p=0

0 References: [S. Cappello and D. Escande, PRL 2000], highlighted before by
[D. Montgomery et al. PPCF 92-93], [Tebaldi and Ottaviani JPP 99]
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The MHD dynamo effect in the RFP

a The externally applied toroidal electric field E,,,, cannot drive the poloidal
currents necessary to sustain the high toroidal magnetic field in the plasma
core.

poloidal current J, # 0, but E, 15 strictly toroidal!

loop

Q The RFP is stationary = an additional E
through the dynamo process.

ayn 1 Self-generated by the plasma

Q In the MHD dynamo effect, E
Lorentz term of Ohm’s law.

ayn IS due to an average contribution in the

E=E__+E

loop dyn

Edyn = <VX B>

Q This implies the existence of a self-organized plasma flow. We refer to v, as
the MHD dynamo velocity field.
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The MHD dynamo flow as an electrostatic drift

0 Numerical MHD simulations of the RFP show that the self-organized dynamo
fluid velocity is due to an electrostatic drift, related to a spatially modulated
electrostatic field, which originates to balance spatial modulations in parallel
Ohm's law [D. Bonfiglio, S. Cappello, D.F. Escande, PRL 94 (2005); S.
Cappello, D. Bonfiglio, D.F. Escande, Phys. Plasmas 13 (2006); D. Bonfiglio,
Varenna proceedings (2006)].

Q Parallel Ohm'slaw: nJ-B=E

I

loop
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QSH regime: chaos healing after separatrix expulsion  {coxsorzio rex

0 An increased resilience to chaos was observed in MHD modeling after the
dominant mode’s separatrix expulsion [D. F. Escande et al

r/a

(0
with separatrix: magnetic island W/0 separatrix: single helical axis
— chaos — conserved helical structure
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Separatrix expulsion and ITBs in the experiment

QO In RFX-mod, the ITB formation happens in concomitance with the expulsion
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2D verification benchmark

0 NEMATO has been benchmarked against the helical flux surfaces computed
from a single helicity RFP equilibrium (provided by the MHD code SpeCyl).

Q Magnetic field lines lie on helical flux surfaces (r,u)=mA_+nrA,/R,.

Q y levels and Poincaré plots by NEMATO agree (using adequate grid
resolution) [D. Bonfiglio et al., JPCS 260 (2010)]. Successful benchmark
obtained also in the case of fields with poloidal symmetry.

1.0 . 0.2
0.5F
0.0f 10.0
~0.57
1ol = L = R
-10 -05 00 05 10-10 -05 00 05 1.00575 0.600 0.625
(a) low resolution: (b) standard resolution: (c) blue: volume preserving

NXNygxN,=100%256%256 n,xny,xn,=100%x256x2048 red: non volume preserving
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Chaos healing study: after island overlap
a Chaos between the two magnetic islands.

Q q(p) = number of toroidal turns field lines perform for one poloidal turn around
the n=-9 helical axis assuming helical symmetry, p = effective radius.

Q q(p)=1/9 at the separatrix, n=-10 islands are located at q(p)=1/10.

0.10 q=1/10
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—0.4 R . A 0.00 ‘ | w ‘
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Chaos healing study: before separatrix expulsion
Q n=-—10 islands very narrow just outside the separatrix.

0 A region with conserved surfaces appears within chaos where the shear of
q(p) is negative.
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Chaos healing study: just after separatrix expulsion |covsorziorex

0 The conserved layer width increases with the broadening of the negative
shear region.

Q n=—10 island appears close to the n=29 helical axis due to q(0)<1/10.
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Chaos healing study: separatrix well expulsed

2 Chaos healing almost complete, it persists later in time even with larger

secondary modes amplitude.

Q A second MHD simulation case shows a stronger resilience to chaos if the

dominant mode is non resonant (no magnetic island from the beginning)
[M. Veranda et al., EPS conference (2011); S. Cappello et al., NF 51 (2011)].
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Computation of helical g and flow shear

Q Given a helical magnetic configuration with helical flux function y, the helical

q is computed as q(y)=dw, (x)/dwye(x), Where vy, (x) and w,,(x) are the
toroidal and poloidal magnetic fluxes inside the helical flux surface .

Q A flow whose component in the VyxB (tokamak: poloidal) direction has a
shear in the Vy (tokamak: radial) direction can break turbulent eddies if the
shear is comparable with the linear growth rate of the drift modes (typical
values in the range y=10* + 100 s1) [K. H. Burrell, Phys. Plasmas 4 (1997)].

Q To compute the helical MHD flow shear, we first calculate the component of
the MHD flow v which is perpendicular to both B and Vy:.
v, =v-(VyXxB)/|Vy*B|. Then, helical MHD flow shear as s=Vv -Vy/|Vyl.
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Computation of helical g and flow shear

Q Figures in the next page show:
Q a) v, (colours), v +v, (arrows) and y (contours);

Q b) perpendicular flow v =v-(VyxB)/|VyxB|) (colours) and y (contours);
a c) helical MHD flow shear s=Vv -Vy/|Vy| (colours) and ¢ (contours);
0 d) flux surface average of |s| (black) and helical g (red) vs p=()/%ay) >

Q The flow is normalized to v,=22x10° m/s in RFX-mod, the shear to
1/t,=4x100 71,
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g shear and flow shear in the helical RFP

0 Helical RFP configurations exhibit a peak in the MHD flow shear which is well
correlated with the position of maximum helical q (null of helical q shear).

a t=1800 t, configuration of the chaos healing study (only modes with n/m=-9
are retained).
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Neoclassical transport in helical states

Q |s the helical RFP an unoptimized stellarator?
Q The answer is no, at least up to amplitudes ~ 7.5 times the experimental ones

QO Parametric scan vs collision frequency performed with Orbit does not show
the 1/n branch typical of stellarators

Q |B| essentially axisymmetric, bananas only slightly perturbed by the helical
structure [M. Gobbin, G. Spizzo, L. Marrelli, R. B. White, PRL 105 (2010); M.
Gobbin et al., Phys. Plasmas 18 (2011)].
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Verification benchmark: (2D) helical Tokamak
QO Temporal evolution of magnetic energy by SpeCyl (—) and PIXIE3D (—).

(c) 2D TOK, S=3x10% P=30, m=1, n=—1

Q m=1, n=-1 symmetry:

Q Stationary “snake” equilibrium e i
0 $=3x10, P=30 =
| i ’\%§7§25 :
I IR N—~—
vy //§%/\f;§’,\/’ m=10
-y
0 2000 4000t - )ESOOO 8000 10000

(d) 2D TOK, S=10° P=30, m=1, n=—1

QO Sawtooth oscillations o o
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Verification benchmark: full 3D RFP

O Temporal evolution of magnetic energy by SpeCyl (—) and PIXIE3D (—).
a m=1, n=-8 helical symmetry: SHAXx

(b) 3D RFP, S=3x10% P=100, 128x32x256
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PIXIE3D: good accuracy with large Dt (helical RFP) ‘J
a Temporal evolution by PIXIE3D with At=0.01 (—) and large At (—).

(a) At=1.0 T, (b) At=2.0 T,

At=1r, ' ' ' - - - - - At=21,

0 200 400 600 800 1000 O 200 400 600 800 1000

The helical RFP Extended MHD dééﬁ‘})iption: verification benchmark of SpeC)}I dnd PIXIE3D 67



Helical RFP states in toroidal geometry: motivations

0 MHD simulations of the RFP in toroidal geometry are needed to clarify:

Q Toroidal effects on nonlinear MHD dynamics
Q Does the transition to a stationary SH equilibrium occur in toroidal geometry?
Q Toroidal effects on the magnetic topology

0 Do the SH magnetic surfaces survive when going from cylindrical to toroidal
geometry? (real 3D configuration, no symmetry in this case).

0 We expect to find m=0 islands due to the toroidal coupling (and the presence of a
reversal surface with g=0).

0 NIMROD simulations show “a correlation of reversal and chaos in toroidal geometry”
due to m=0 islands [C. Sovinec et al., Phys. Plasmas 10 (2003)].

0 m=0 islands are also thought to play an important role in confinement and density
accumulation at the edge of the RFX-mod device [G. Spizzo et al., PRL 96 (20006);
PPCF 52 (2010); E. Martines et al., NF 50 (2010)].
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Low resolution simulation: temporal evolution

Q The toroidal simulation shows the same initial mode dynamics and final
dominant helicity (n = -10) as the cylindrical one.

Q However, stationary conditions are not achieved: we need a better resolved
simulation to confirm this observation.
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Toroidal effects on MHD: toroidal harmonics
0 A more resolved simulation has been performed:

Q Higher resolution: n xngxn,, = 128%32x512, but short target time (=100 t,).
Q Initial perturbation on (m = 1, n = -9) mode only.

0 After a linear growth phase, a helical configuration is found (not stationary):
0 Toroidal harmonics of the dominant mode + low amplitude secondary modes.
—m=1, n=0 —_—m=1, n=-9 __n=multiple of 9 ‘7oth‘er m‘odes‘
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