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© Magnetic islands are spontaneously present in the reversed-field
pinch (RFP) and stellarator edge, and produced via MP in tokamaks
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pinch (RFP) and stellarator edge, and produced via MP in tokamaks

Magnetic islands in the edge plasma cause a differential radial
diffusion of electrons and ions;

This results in a strong, positive radial electric field E” > 0 pointing
outward the island O-point

Measurements confirm that kinetic properties of the plasma edge are
modulated by edge-resonant islands (induced or spontaneous): in

particular, electric fields and associated E x B flows follow the
symmetry of the dominant mode
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Magnetic islands in the edge plasma cause a differential radial
diffusion of electrons and ions;

This results in a strong, positive radial electric field E” > 0 pointing
outward the island O-point

Measurements confirm that kinetic properties of the plasma edge are
modulated by edge-resonant islands (induced or spontaneous): in
particular, electric fields and associated E x B flows follow the
symmetry of the dominant mode

The E x B flows form convective cells around the island. These
cells, in some conditions, can dominate particle transport in the
edge, as in the case of the RFP at high density [ ]
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© What is the origin of these E x B flows?
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@ What is the origin of these E x B flows?

@ An analytic form of potential has been introduced in test-particle
simulations with ORBIT to satisfy the ambipolarity condition
e =T, and compared with data in the RFX-mod reversed-field
pinch and the TEXTOR Tokamak | I;
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© Two solutions are possible, which resemble the ion- and
electron-roots in stellarators: possibility of interacting with this
potential with local heating (ECRH/ICRH);

© Recent results show that this electrostatic response has symmetry
m/n only as a first approximation, higher harmonics (m £ k)/n,
k =1,2... toroidally couple to the base mode [ ]
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Measurements of convective cells around islands

comparison with a
Poincaré plot (c);
@ In TEXT simple
1 diffusion was not
© capable of describing
density profiles during
RMP application:
strong convective flux
was
necessary [ ]

o Example
0 from [ ]:
s Ty measjurements .of
& floating potential V¢
i (A | during application of
% 0 z RMP (a), poloidal map
(o)  Timems) \ of V¢ (b), and
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RMP at TEXTOR

TEXTOR was a (much beloved) circular tokamak with limiter in Jilich,
Germany (shut down in December 2013). It was capable of producing a
stochastic edge via the "Dynamic Ergodic Divertor” (DED), with main
resonance at the ¢ = 3 surface [Schmitz 2008]

min=12/4

Ciil- Emission

Gianluca Spizzo, CNR Padova



Ripple of E7 in TEXTOR
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@ Measurements of plasma potential inside a m/n =4/1 island;

@ Excess of V, towards the island O-point (OP) and decrease
(potential well) towards the X-point (XP) [ ]
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TEXTOR

Test-particle simulations with ORBIT

@ We use the guiding-center code ORBIT | ] to analyze the
magnetic field topology and the motion of monoenergetic electrons
and ions embedded in the magnetic field

e ORBIT is in Boozer co-ordinates (1, 6, ()

e TEXTOR: input=analytic form for the radial (resonant)
perturbation induced by the DED, based on current levels in the
coils [ ]

@ Collisions are implemented as pitch-angle and energy scattering
between particles, using the Boozer-Kuo approach | ]

@ particles are monoenergetic
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Topology of stochastic edge in TEXTOR

Poincaré plot with RMP

&=179°

0 m/2 m 3/2m 27
0 [rad]

"Base mode” is the 3/1, while the "secondary islands” are 4/1 resonating
at g = 4 (horizontal line) | ]
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Simulations - Parallel connection lengths - TEXTOR

LYy (m)
| L] [ | [ LI [ T
10% 10° 10* 10° 10% 10° 10* 10°
#109269 ele ® ¢= 0° #109269 ion @ ¢= 0°

o LEFT=electrons, RIGHT=ions — ion Li'l more uniform along 6
@ ions =larger drifts
o Lj has the same symmetry as the RMP helicity (4/1 in this case)

Gianluca Spizzo, CNR Padova



TEXTOR

Simulations - D., D; (TEXTOR with RMP)

. o Evaluate steady state
o =179 distributions n(1)) by
: fixing source and sink

[ ]

@ Choose small (helical)
domain, reinsert lost
particles at the center
with uniform pitch

@ Find D from flux of
particles leaving the
domain and the density
gradient

r/a
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TEXTOR

Simulations - D, D; (TEXTOR with RMP)

o Evaluate steady state
BRARSSR distributions n(v)) by

|ons fixing source and sink
100 ¢ . e electrons E [ ]

% ,f" @ Choose small (helical)
> 1ot / , domain, reinsert lost
' ¢ particles at the center
with uniform pitch
0.1¢ e naaaid E o Find D from flux of

particles leaving the
domain and the density

u [radl .
gradient
@ D; almost neoclassical, small change along u; D > D; everywhere

@ D. > D; at the XP, D, ~ D; at the OP — E" ~ 0 at the
OP [ ]
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Model of ambipolar potential

@ Up to now, electrons and ions are evolved indipendently one to the
other

@ Require ambipolarity: e =T; at some flux surface (e.g., the LCFS)

o Insert a model of potential ®(1),,8,¢) into ORBIT guiding-center
equations

1 -
®(¥p, 0, C) = Po | i(vp) + 5 (R(¥p) — flp))sin(=mb + nC + ¢) | ,
(1)
@ angular dependence — the helical angle

@ radial dependence is not simply const. x 1, but contains the radial
functions f, f» which are deduced from the experiment (it is the
only ansatz in the model)

o free parameters = amplitude ®¢ and phase gg
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Map of plasma potential: measurements, model

o LEFT=measurements, remapped on helical flux surfaces
o RIGHT= model, phase ¢ = const. (fixed RMP)
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Ambipolar roots w/ RMP

@ It is possible to vary the
amplitude ®¢ and check

@, [V] . .
-400  -200 0 200 400 the ambipolar solution
9.2 ;‘ I L T ‘; re — ri
i ] @ Same tool used in the
%01 ] stellarator community to
Fo B ] determine the electron-
= 88r B a
o i Y ] and
E L e-root ] ion-roots
= 86/ i-root stable — . [ . ]
g I unstable ] o With RMPs, both ion-
8.4r ] and electron-dominated
i « ion 7 transport regimes can
B2L | - o ] exist [ ]
8ot v ] o With the experimental T,
5 0 5 and T; the analogous
max(E,=-6®/5r) [kV/m] "electron” root is favored
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Radial electric field in TEXTOR

Consequence: strong radial electric field E” > 0 (well known in RMP
measurements). As anticipated, E” ~ 0 in the OP, E" > 0 in the XP
Modulation of E” along the helical angle u (convective cell)
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Ambipolar roots w/ RMP

log(De/Di)

a oP ]
Floxxp /

o

-10 -05 00 0.5 1.0
log(Te/Ti)

@ In stellarators, it is

possible to jump from the
ion- to the electron-root
by using

ECRH [ ]

Is it feasible in a tokamak
with RMP?

Sensitivity scan: in the
OP the system flips to
the ion root (D./D; < 1)
for T/ T; < 0.5

~
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RFX

RFX reversed-field pinch (RFP)

Orbit co-ordinates

#37537 t=130 ms @ 6= 0.0 w
00T T

0.08 -

0.06

Ve

0.04

0.02
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On transport in ¢

Poincaré plots,
equatorial cut at
=0

input — we solve
the Newcomb's
equations for tearing
modes, toroidal ge-
ometry [ ]

Core 1/7 island and
edge 0/7 islands
resonating at ¢ =0
Floating potential
follows the n =7
periodicity

along ¢ |
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RFX

RFX reversed-field pinch (RFP)

@ Poincaré plots,
equatorial cut at
=0

@ input — we solve
the Newcomb's
equations for tearing
modes, toroidal ge-
ometry [ ]

o Core 1/7 island and
edge 0/7 islands
resonating at ¢ =0

&V, (v)

"Orbit co—ordinotes
T

o Floating potential
follows the n =7
periodicity
along ¢ [ ]
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RFX

Measurements on the same poloidal plane

437383
70 ' ' 3
16=0°
60 1 6=90°
=)
L s0p :
o’
40 ]
30 . . . . .

0.14 0.16 0.18 020 0.22
t [s]

Harmonic hypothesis, Fx ~ sin u, with u(8, ¢;t) = mf — n¢ + wt
Measurements in the same poloidal section should follow F, = mf — wt
— with m = 1 this means that they should be out-of-phase of Af

This is not the case, e.g. for electron pressure | ]
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0.5 1.0 1.5 2.0

Poincaré plots,
simplified spectrum
with n = 7 modes,
only

Two structures are
visible in the edge:
the stochastic layer
between the 1/7 and
0/7 resonances

...and the
around the O-points

. 2.5
¢ (rod) (OP) of the 0/7
islands
e PWI is determined by the structure closer to the wall | ]
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RFX

Topology: more complicated than a simple helix!

#37537 t=130 ms @ 6= 1.033 n  Orbit co—ordinates
0.10 T T
o (&) N p=

0.08 ———“—!

Poincaré plots,
simplified spectrum
with n = 7 modes,
only

Two structures are
visible in the edge:
the stochastic layer
between the 1/7 and
0/7 resonances

...and the

000 SRR A Tis R g around the O-points
¢ (rod) (OP) of the 0/7
islands
e PWI is determined by the structure closer to the wall | ]
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Full 3D behaviour of (field line) connection lengths

o Calculate the (field
line) connection
length L., to the
wall

#37537 t=130 ms @ 6= 0.000 m Orbit co—ordinates
T T T

@ |t is necessary to
analyze the full 3D
behaviour

o White contour =
value of Ly

@ Ergodic regions with
Lc,w > Ly
correspond to
minima of

6=0 V¢ [Schmitz 2009]

¢ (rad)
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Full 3D behaviour of (field line) connection lengths

o Calculate the (field
line) connection
length L., to the
wall

#37537 t=130 ms @ 6= 0.500 m Orbit co—ordinates
T T T

@ |t is necessary to
analyze the full 3D
behaviour

o White contour =
value of Ly

@ Ergodic regions with
Lc,w > Ly
correspond to
minima of
V¢ [Schmitz 2009]

¢ (rad)

0 =90°
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#37537 t=130 ms @ 6= 1.033 n  Orbit co—ordinates

-1.0 -0.5 0.0 0.5
¢ (rad)

6 = 186°

Full 3D behaviour of (field line) connection lengths

Calculate the (field
line) connection
length L., to the
wall

It is necessary to
analyze the full 3D
behaviour

White contour =
value of Ly

Ergodic regions with
Lc,w > Ly
correspond to
minima of

V¢ [Schmitz 2009]
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Full 3D behaviour of (field line) connection lengths

o Calculate the (field
line) connection
length L., to the
wall

#37537 t=130 ms @ 6= 1.444 m  Orbit co—ordinates
T

@ |t is necessary to
analyze the full 3D
behaviour

o White contour =
value of Ly

@ Ergodic regions with
Lc,w > Ly
correspond to
minima of
V¢ [Schmitz 2009]

¢ (rad)

0 = 260°
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RFX

L., on the (0, ¢) plane

@ Another way of seeing
#37537 r/a=0.994 this result: L., on the

(0.9) plane

Lw [m] @ Solid lines = location
of the OP of the 1/7

—_ 10.0 island
k) islan
L 1.0
o~ o1 @ PWI has a strong
' non-helical component
due to the 0/7
mode | ]
0 100 200 300
0 [deq]
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Poin e

Poincaré Recurrence Time

@ Problem with connection length:
ill-defined metric, it depends on
starting and endpoints

@ Good metric: Poincaré Recurrence
Time = intrinsic property of a volume
in phase-space if dynamics are
area-preserving [ ]
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Poin currenct

Poincaré Recurrence Time

@ Problem with connection length:
ill-defined metric, it depends on
starting and endpoints

@ Good metric: Poincaré Recurrence
Time = intrinsic property of a volume
in phase-space if dynamics are
area-preserving [ ]

@ Define an area A: the escape time is

759 = tour — tina (2)
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Poincaré Recurrence Time

@ Problem with connection length:
ill-defined metric, it depends on
starting and endpoints

@ Good metric: Poincaré Recurrence
Time = intrinsic property of a volume
in phase-space if dynamics are
area-preserving [ ]

@ Define an area A: the escape time is

75 = tour — tina (2)
° Alis
7Y = tivn — tour (3)
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Poin e

Poincaré Recurrence Time

@ Problem with connection length:
ill-defined metric, it depends on
starting and endpoints

@ Good metric: Poincaré Recurrence
Time = intrinsic property of a volume
in phase-space if dynamics are
area-preserving [ ]

@ Define an area A: the escape time is

75 = tour — tina 2)
° Ais
758 = 180 — touT (3)
@ The recurrence time is
plree) — peso) plext) g g (4)
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P.d.f. of recurrences

o Start with a fairly large
domain A, within the
stochastic layer
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Poincaré Recurrences

recurrences

o Start with a fairly large
domain A, within the

10%F — i
\ b eV ang 1= 040 1, stochastic layer
104} - @ p.d.f shows an initial
‘ P
2 WOJ& | exponential decay
g \‘ﬁﬁr ~ @t/ Tmix
w 10°H ™ B .
\ ﬁ:ﬁ being Tmix = VenLk
|
10| #ii#Jr + + ]
| e +
10°F | R L + =+
| L L L
0 200 400 600 800
At/ T,

Gianluca Spizzo, CNR Padova On transport in e slands - 643rd WEH Seminar May 19, 2017



Poincaré Recurrences

P.d.f. of recurrences

o Start with a fairly large
domain A, within the

10° + a stochastic layer
104 : @ p.d.f shows an initial
N .
2 oL . | exponential decay
o + — .
- +*++ ~ et/ Tmix
= 107 =t 7 H
Y being Tmix = venlk
10+ e B
. @ ...then an
HEHEH + —
100k HH HHE ~ t "/,’YN?)
10 100 1000
A/ Ty
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P.d.f. of recurrences

# events

o Start with a fairly large
domain A, within the

oot R stochastic layer
10 : @ p.d.f shows an initial
N .
ol . | exponential decay
+ +++ ~ e*f/Tmix
10°F ] bei — vyl
e €INg Tmix = Vinlk
10+ @*} *
. @ ...then an
4
100+ -+ Nt77’7N3
10 100 1000
At/ T

@ The average recurrence time

J e P(t)dt

T P ¥

gives info on the “stickiness” of A
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Application of the method to edge islands

37537 t=130 ms @ 6= 0.000 m _Orbit co-ordinates o Let us g0 back to the

T T : T

[ . contour plot of L., at
0=0.

0.4 0.6 0.8 1.0 1.2 1.4 1.6
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Application of the method to edge islands

y57557 10130 ms @ 60 0000 n Ot eoarsotes @ Let us go back to the

[ ‘ ‘ ‘ . contour plot of L., at

[ 0=0.

@ Define a 12 x 6 array of
volumes in the (¢, r)
plane, to calculate
Poincaré recurrences
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Poincaré Recurrences

Application of the method to edge islands

y57557 10130 ms @ 60 0000 n Ot eoarsotes @ Let us go back to the

[ ‘ ‘ ‘ ) contour plot of L., at
0 =0.

@ Define a 12 x 6 array of
volumes in the (¢, r)
plane, to calculate
Poincaré recurrences

0.095 —

@ The ergodic region is
the stochastic layer, and
corresponds to larger
recurrence times
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Poincaré Recurrences

Application of the method to edge islands

#37537 t=130 ms @ 6= 0.000 m Orbit co-ordinates o Let US go baCk to the
contour plot of L., at
0 =0.

0.095 —
[ @ Define a 12 x 6 array of
[ volumes in the (¢, r)
* 0000 plane, to calculate
: Poincaré recurrences
ool @ The ergodic region is
L the stochastic layer, and
05% corresponds to larger

recurrence times

@ No recurrences in
laminar regions with
Lc,w < Lg

Gianluca Spizzo, CNR Padova On transport in edge islands - 643rd W Seminar May 19, 2017



Application of the method to edge islands

37537 1130 ms. © 6= 1035 n bt conordintes @ Let us go back to the
[ ‘ ‘ ‘ ‘ ] contour plot of L., at
’ 0 =0.

o Define a 12 x 6 array of
volumes in the (¢, r)
plane, to calculate
Poincaré recurrences

@ The ergodic region is
the stochastic layer, and
corresponds to larger
recurrence times

@ No recurrences in
laminar regions with
LC,W < Ly
o At 6 = 186° larger recurrence times are near the OP’s of the 0/7
islands, as shown in slide #
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Conclusions

@ Magnetic islands in the edge plasma generate an ambipolar potential
with their symmetry, as deduced from measurements of E” and flow
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Conclusions

Conclusions

@ Magnetic islands in the edge plasma generate an ambipolar potential
with their symmetry, as deduced from measurements of E" and flow

@ Test particle simulations in TEXTOR with the 4/1 RMP, can
reliably reproduce a modulation of the parallel connection length L
with the same symmetry as the parent island, and an electrostatic
potential with symmetry ®(r, 0, () = ®o(r)sin u, being u = m — n¢
the helical angle.
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Conclusions

Conclusions

@ Magnetic islands in the edge plasma generate an ambipolar potential
with their symmetry, as deduced from measurements of E" and flow

@ Test particle simulations in TEXTOR with the 4/1 RMP, can
reliably reproduce a modulation of the parallel connection length L
with the same symmetry as the parent island, and an electrostatic
potential with symmetry ®(r, 0, () = ®o(r)sin u, being u = mf — n¢
the helical angle.

@ The dependence on both r and u (helical angle) is consistent with
the presence of a convective cell, which dominates transport
especially at high density | |
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Conclusions

Conclusions

@ Magnetic islands in the edge plasma generate an ambipolar potential
with their symmetry, as deduced from measurements of E" and flow

@ Test particle simulations in TEXTOR with the 4/1 RMP, can
reliably reproduce a modulation of the parallel connection length L
with the same symmetry as the parent island, and an electrostatic
potential with symmetry ®(r, 0, () = ®o(r)sin u, being u = mf — n¢
the helical angle.

@ The dependence on both r and u (helical angle) is consistent with
the presence of a convective cell, which dominates transport
especially at high density [ ]

o Further studies in RFX-mod reversed-field pinch show that the
helical assumption ® ~ ®q(r)sin u is valid only at order zero.
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Conclusions

@ Magnetic islands in the edge plasma generate an ambipolar potential
with their symmetry, as deduced from measurements of E" and flow

@ Test particle simulations in TEXTOR with the 4/1 RMP, can
reliably reproduce a modulation of the parallel connection length L
with the same symmetry as the parent island, and an electrostatic
potential with symmetry ®(r, 0, () = ®o(r)sin u, being u = mf — n¢
the helical angle.

@ The dependence on both r and u (helical angle) is consistent with
the presence of a convective cell, which dominates transport
especially at high density [ ]

o Further studies in RFX-mod reversed-field pinch show that the
helical assumption ® ~ ®q(r)sin u is valid only at order zero.

@ Higher harmonics toroidally coupled to the base mode 1/7 are
important in determining the complete 3D electrostatic response,
and associated plasma-wall interaction.
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