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Outline

Outline

• Motivation: study of plasma-wall interaction (PWI) in the RFX edge,
with helical symmetry [1]

• With a large m/n = 1/7 mode resonating in the core, electron
pressure, floating potential and edge topology (field connection
length, Poincaré recurrence time) follow the dominant helical
symmetry, with a ∼ 25% of 0/7 correction [2, 3, 4]

• What about the m = 1, n > 7 “secondary” modes?

• Purpose of this contributed paper is to explore the role of these
modes.
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Outline

Outline/2

Helical state (QSH) ≡ good core confinement +

good helical SOL in the plasma edge
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Outline

CCD time frames with a QSH state: (a) far from the “phase locking”, (c) in

the locking region

Secondary modes phase-lock
together – but not to the
wall! See frames (c),(d) →
phenomenon well-known in
the RFP [5]

The locking structure
involves modes with m = 1
and n ≥ 8

The locking seems to
dominate PWI at the
“locking angle”, despite the
QSH

Is this result consistent with
the knowledge we have of the
RFX-mod edge helical
topology?
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The code

The code

Reference scenario [2, 3, 4] : RFX-mod discharge # 37537,
t = 130 ms, high current, low-density case (Ip = 1.4 MA,
n/nG = 0.07), good helical core with peak Te = 1.2 keV.

We use the guiding center code Orbit [6].

Secondary modes:
δBφ = 4.66 mT
(δBr

res = 5.24 mT
@ resonance)

Scan in secondary mode
amplitude: scale the
modes m = 1, n = 8− 24
and all m = 0 by a factor
0.2 ≤ A ≤ 6
A = 1 is the reference run.
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The code

Important parameter to describe RFX edge [7]: ideal displacement

ξr = ~ξ · ∇r = ψ1

ψ′0
=

ψ1

r
(
1
q −

n
m

) (1)

Good phenomenological parameter “Scarin number” Sk =
ξsec
ξdom

In the reference A = 1 run we get Sk = 0.51

red is the
dominant mode,

black the
secondary modes
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The code

Reference case Sk = 0.5

Large-scale symmetry of
connection length Lc,w is
m/n = 1/7, consistent
with literature [2, 3, 4]

... BUT at φ ∼ 120◦

two additional minima
appear (cyan shade)

Phenomenology is
similar to the homoclinic
lobes (a.k.a. “fingers”)
in the divertor region of
tokamaks with RMPs [8]
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Plasma flow can be driven by a parallel pressure gradi-

ent, as can be seen from the momentum balance in the

EMC3 model (A2). Consequently, as field lines within the

separatrix tangle connect to a region of high density and tem-

perature, they can be expected to carry a large particle flux

along due to a parallel pressure gradient. Heat flux is very

well channeled into the lobes indicated in Figures 2 and 3,

and the resulting temperature distribution matches that struc-

ture as demonstrated in Figure 4(a). Hence, the present

results corroborate earlier findings from a different simula-

tion code (E3D).20 While particle flux from the high pressure

core is channeled into the lobes as well, downstream sources

due to recycling of neutral particles may modify the plasma

flow pattern, as indicated by the increased density in the out-

most part of the lobes in Figure 4(b). Furthermore, high recy-

cling in front of the target can result in reduction of the heat

flux once the lobes enter the recycling zone, and can result in

a thermal footprint with detached outer lobes.11

In the following, we investigate the pattern of plasma

flows as a result of RMP application. The quantity we will

be studying in detail is the local Mach number

M ¼ uk=cs; cs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Te þ Ti

mi

r
; (3)

i.e., the parallel flow velocity normalized to the local ion

sound velocity. The boundary condition M ¼ 61 is applied

at the divertor targets.

III. ANALYSIS OF THE PLASMA FLOW STRUCTURE

Before we present the analysis of the plasma flow struc-

ture for the RMP configuration, we want to give a few

remarks on much simpler 1D and 2D scrape-off layer mod-

els. A simplified version of the momentum balance reads

(neglecting sources due to charge exchange, cross-field

transport and viscosity)

Pstat þ m n u2
k ¼ const; (4)

i.e., parallel plasma flow is essentially driven by a pressure

gradient. We will demonstrate below that this simplified

model can already qualitatively capture (most of the) the fea-

tures of the parallel flow pattern in the RMP configuration

obtained from more sophisticated simulations. Furthermore,

a well known feature in 2D, axisymmetric models is the for-

mation of a flow-reversal in the presence of strong, localized

“downstream” sources (see, e.g., chapter 15 in Ref. 30, and

note that we use the phrase “downstream” in its low recy-

cling equivalent for “further towards the target”). Such a

flow reversal is indeed found in the simulations for the axi-

symmetric reference configuration as shown in Figure 5(a).

The parallel flow pattern is significantly altered when

RMPs are applied (see Figure 5(b)). Outside of the unper-

turbed separatrix, the simulation results exhibit a poloidal os-

cillation of the parallel flow direction, i.e., on one group of

field lines the flow is directed towards the divertor target and

on the next group of field lines the flow is reversed. Inside of

the unperturbed separatrix, flow channels with poloidally

and radially alternating flow direction are found with a very

FIG. 3. Radial excursion of field lines depicted by minw: (a) along a field

line up to an integration cut-off given by Lcut ¼ 400 m and (b) distance to

the separatrix (1�minw) within the first poloidal turn.

FIG. 4. (a) Temperature ½100 eV� and

(b) density ½1013 cm�3� under the

impact of RMPs. Slices are taken at

u ¼ 0�.

072508-3 Frerichs et al. Phys. Plasmas 22, 072508 (2015)
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Scan in secondary modes

Scan: A = 0.2, Sk = 0.1

Ideal case: A = 0.2
(Sk = 0.1), there is no
distortion of the helical Lc,w
pattern due to locking

A threshold value is A = 0.8
(Sk = 0.4): the two
additional minima start to
be visible
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Scan in secondary modes

Full scan: 0.2 ≤ A ≤ 6, 0.1 ≤ Sk ≤ 3

When increasing A, Lc,w
decreases everywhere

The region of low Lc,w
at the locking angle
broadens
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Scan in secondary modes

Statistical analysis

The average Lc,w
decreases everywhere as
a function of A, not only
in the locking region
(“hole”)

On average, the RFX
edge is ergodic,
〈Lc,w〉 > Lk, with Lk
the Kolmogorov length
evaluated at ψp = 0.72
(r = 35 cm)

The “hole” is always
laminar, Lholec,w < Lk
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Scan in secondary modes

Parenthesis . . .

The scaling of Lk with
Sk is of the type
Lk ≈ 8× S−0.44k

It is consistent with a
scaling of the Lyapunov
exponent

σr ∼ (Dm)
1/3 =

(δB
B

)α/3
(2)

In the RFX case,
α = 1.6 [9], hence
σr ∼ δB0.53

By definition, Lk = 1/σ

Newcomb eigenfunctions on RFX-mod a

aP.Zanca and D.Terranova, PPCF 46 (2004) 1115.
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Scan in secondary modes

Parenthesis . . .

The scaling of Lk with
Sk is of the type
Lk ≈ 8× S−0.44k

It is consistent with a
scaling of the Lyapunov
exponent

σr ∼ (Dm)
1/3 =

(δB
B

)α/3
(2)

In the RFX case,
α = 1.6 [9], hence
σr ∼ δB0.53

By definition, Lk = 1/σ

3D MHD visco-resistive code SpeCyl a

aS.Cappello and D.Biskamp, NF 36 (1996) 571.
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Scan in secondary modes

Threshold for a good SOL

Sk > 0.3 (A > 0.6)
there is little change,
〈Lc,w〉/Lk ≈ 2

Instead, for Sk ≤ 0.3
connection lengths
increase by 2 orders of
magnitude →
good SOL

In the upgraded

RFX-mod2 machine , a
lower Sk value could be
reached, with an
improvement of plasma
performance
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Scan in secondary modes

Homoclinic lobes at φlock

The ratio
Lholec,w /Lk ≈ 0.3 for all
values of A

The locking region
(homoclinic lobes) is
always “laminar” (in
RMP terminology)

It provides a shortcut for
electron transport, from
the hot core directly to
the wall (already shown
in the case of 3D RFP
MHD simulations [10])
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Scan in secondary modes

Volume of laminar edge

Despite the fact that the
edge topological texture
is better at low A, the
volume of laminar
plasma Lc,w < Lk, is
constant ∀A
It is not correct to state
that the “hole widens”
by increasing the
secondary mode
amplitude A
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Sequence of Poincaré

Sequence: A = 0.2 (Sk = 0.1)

• Contour of Lc,w and Poincaré with n = 7 modes, only

• Two toroidal periods of the n = 7 mode
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Sequence of Poincaré

Sequence: A = 0.4 (Sk = 0.2)

• Contour of Lc,w and Poincaré with n = 7 modes, only

• Two toroidal periods of the n = 7 mode
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Sequence of Poincaré

Sequence: A = 0.6 (Sk = 0.3)

• Contour of Lc,w and Poincaré with n = 7 modes, only

• Two toroidal periods of the n = 7 mode
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Sequence of Poincaré

Sequence: A = 1 (Sk = 0.5) reference run

• Contour of Lc,w and Poincaré with n = 7 modes, only

• Two toroidal periods of the n = 7 mode
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Sequence of Poincaré

Sequence: A = 1.2 (Sk = 0.6)

• Contour of Lc,w and Poincaré with n = 7 modes, only

• Two toroidal periods of the n = 7 mode
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Sequence of Poincaré

Sequence: A = 1.4 (Sk = 0.7)

• Contour of Lc,w and Poincaré with n = 7 modes, only

• Two toroidal periods of the n = 7 mode
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Sequence of Poincaré

Sequence: A = 1.6 (Sk = 0.8)

• Contour of Lc,w and Poincaré with n = 7 modes, only

• Two toroidal periods of the n = 7 mode
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Sequence of Poincaré

Sequence: A = 2 (Sk = 1) threshold for crash [1]

• Contour of Lc,w and Poincaré with n = 7 modes, only

• Two toroidal periods of the n = 7 mode
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Sequence of Poincaré

Sequence: A = 6 (Sk = 3) MH state

• Contour of Lc,w and Poincaré with n = 7 modes, only

• Two toroidal periods of the n = 7 mode

G. Spizzo (Consorzio RFX) 60th DPP APS Portland November 8, 2018 15 / 20



The resonance layer

The 0/7 and 1/7 islands are separated by a resonance layer: in
previous work we have shown that this layer determines PWI in the
RFX-mod [2, 3, 4]

Sk = 0.7 seems to be the critical value for stochastization of this layer

Apply the Chirikhov overlap criterion: “hard” version

K =
w1,7 + w0,7

2|rrev − r1,7|
(3)

where q(rrev) = 0 is the reversal surface

“Soft” version 1: K ≈ 2/3

‘But 1/7 “islands” are very large, so a quasilinear estimate of the
widths w is not possible → we have to employ the helical flux
χ = mψp − nψ

1 According to numerical estimates on the disappearance of the last KAM surface in

the Standard Map, see Lieberman & Lichtenberg, chap.4, p.292
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The resonance layer

Example of calculation: Sk = 0.5 (reference) and Sk = 3 (MH state)

The separatrices are the lines in bold

G. Spizzo (Consorzio RFX) 60th DPP APS Portland November 8, 2018 17 / 20



The resonance layer

Estimate of Chirikov K

K = 2/3 corresponds to

Sk = 1.7 (A = 3.4) , a

value well beyond the
layer stochastization in
the Poincaré (see
Sec. 4)

Well-known limitation of
the Chirikov overlap
criterion (Lieberman &
Lichtenberg, chap.4)
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The resonance layer

Estimate of Chirikov K

K = 2/3 corresponds to

Sk = 1.7 (A = 3.4) , a

value well beyond the
layer stochastization in
the Poincaré (see
Sec. 4)

Well-known limitation of
the Chirikov overlap
criterion (Lieberman &
Lichtenberg, chap.4)

More refined methods
are e.g. Escande &
Doveil, J. Stat. Phys.
26 (1981) 257.
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Conclusions

Conclusions

Scan in “secondary” mode (m = 1,n > 7) amplitude 0.2 < A < 6,
with A = 1 the reference scenario, shows the presence of homoclinic
lobes at the locking angle.

Phenomenology in all respects similar to the divertor “fingers”, see
e.g. [8]

In vicinity of the locking angle φlock, electron transport is shortcut
from the hot core, directly to the wall.

The concept is not new (already shown in the case of 3D RFP MHD
simulations [10] . . . ), but here it is revisited within the RMP
terminology (“ergodic” and “laminar” zones)

The channel @ φlock deepens with increasing A, but all of the
topology deteriorates

Two thresholds can be recognized: A ∼ 0.6 (Sk = 0.3) for the
removal of the channel, and A = 1.4 (Sk = 0.7) for the
stochastization of the resonance layer in between the 0/7 and 1/7
islands.
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