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

Gianluca Spizzo, CNR Padova S re o RMPs - PPPL Theol



Outline [l

© Magnetic islands in the edge plasma cause a differential radial
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@ 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 reversed-field pinch
and the TEXTOR Tokamak;
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© Magnetic islands in the edge plasma cause a differential radial
diffusion of electrons and ions;

@ 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 reversed-field pinch
and the TEXTOR Tokamak;

@ the potential has the form ®(r,0, () = Po(r) sin u, with
u = mb — n( the helical angle
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Magnetic islands in the edge plasma cause a differential radial
diffusion of electrons and ions;

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 reversed-field pinch
and the TEXTOR Tokamak;

the potential has the form ®(r,6,¢) = ®o(r) sin u, with
u = mf — n( the helical angle

Two solutions are possible, which resemble the ion- and
electron-roots in stellarators: possibility of interacting with this
potential with local heating (ECRH/ICRH);
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N t:

Measurements of convective cells around islands
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ES re

sponse

o RMPs

Example

from [ I:
measurements of
floating potential V¢
during application of
RMP (a), poloidal map
of V¢ (b), and
comparison with a
Poincaré plot (c);

In TEXT simple
diffusion was not
capable of describing
density profiles during
RMP application:
strong convective flux
was

necessary [ ]
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Equi ibrium RFX - Padova

#26303 t=92 ms
T

0.8

-0.05

(a) and Poloidal B field

(b) Field helicity q, with first two resonances, ¢ = 1/7 and q = 1/8, plus
chain of islands ¢ =0, all n's
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Magnetic topology RFX - Padova

#30011 t=203 ms @ 6,= 0°
TE T

1.07 SR § :

Yo/ Vom

¢ (rad)

Reversed field pinch — stable spectrum of saturated tearing modes (TM)
Conserved islands in the core (dominant g = 1/7, "single

helicity” [ ]) and in the edge (dominant ¢ = 0/1).

TM amplitudes and phases are known, slowly rotate w ~ 10 + 50 Hz
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The edge magnetic topology influences plasma flow | ]

19955 t=62 ms @ 6= 0.0 m _RFX co-ordinates
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e Gas-puff imaging (GPI)

toroidal flow @ r = 0.98a

@ Toroidal flow E" = v4B in

the RFP

@ The convective cell has the

same symmetry as the
m/n=0/1 mode
resonating at g =0

@ in particular, the center of

the cell corresponds to the
X-point of the island

@ density accumulation &

MARFE at
n/ng ~ 0.8 | ]
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Measurements in the RFP stochastic edge

o Gas-puff imaging (GPI) toroidal
flow @ r = 0.98a

.. plus measurements with the
internal system ISIS @ r = a

@ The convective cell has the
same symmetry as the
m/n = 1/7 mode resonating
well inside the

10 ]
ISIS LFS x 3] plasma [Vianello 2013]
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RMP at TEXTOR

TEXTOR was a circular tokamak with limiter in Jiilich, 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
g = 3 surface [Schmitz 2008]

min=12/4

Ciil- Emission
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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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Meas

Summary of results on measurements

@ Magnetic islands spontaneously resonating in the RFX, or induced in
the TEXTOR tokamak, are associated with macroscopic fluctuations
of the flow (up to ~ 20 km/s) and related E" field (order
2+15kV/m)

@ The symmetry is the same as the generating island (1/7 low density,
and 0/1 at high density in the RFX; 4/1 in TEXTOR)

@ In the RFP, and in the 0/1 case, the fluctuations in the flow are also
associated to macroscopic changes in transport properties
(stagnation point and MARFE)

e Change in E" seen also in DIII-D | ], but poloidal
dependence not investigated in detail yet
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r on RFX

Test-particle simulations with ORBIT

o 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 (¢p, 6, ()

e RFX: input=the eigenfunctions | ] obtained by solving the
Newcomb's equations for tearing modes (constraint=magnetic
fluctuations measured in the experiment)

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 | ]
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r on RFX

Simulations - Connection lengths (RFX)

Poincaré with 0/1 mode only, L with full spectrum

#19955 t=81 ms
0.100

[¢]
¢=8oew (rad)
LH(wp,G,() o VipTerav, Ttrav €lectron travel time between deposit p 1

and recovery surface 1 >.
Electrons spend on average more time near the XP, and less time near

the OP (classical pendulum - period Txp — 00)

PPPL Theory Decembe
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Poincaré and L. with full spectrum

#30011 t=203 ms @ 6,= 0°
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BUT in the case of the 1/7 mode, the electron connection length is
shorter at the XP, and longer at the OP
Still open issue: dependence on helicity?
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ORBIT on TEXTOR

Topology of stochastic edge in TEXTOR

Poincaré plot with RMP
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"Base mode” is the 3/1, while the "secondary islands” are 4/1 resonating
at g = 4 (horizontal line) [ ]
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Simulations - Connection lengths - TEXTOR

Ly (m)
T

Ly {m)
I o [
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I .
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#109269 ele @ ¢= 0°
T

10°
#109269 ion @ ¢= 0°
T T

o LEFT=electrons, RIGHT=ions — ion L more uniform along 6
e ions =larger drifts

o L has the same symmetry as the RMP helicity (4/1 in this case)
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JRBIT on T

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

o Evaluate steady state
distributions n(v) 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
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)RBIT on TEXTOR

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

o Evaluate steady state

05 distributions n(v)) by
g fixing source and sink
- [ ]
@ Choose small (helical)
7 0% 1% 7 domain, reinsert lost
E ;‘ £ particles at the center
S o2l j0° with uniform pitch
@ Find D from flux of
01f g 110 particles leaving the
// domain and the density
0.00 n;2 4 3/‘27! 21!0 gradient
oP u [racl XP

@ 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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ORBIT on TEXTOR

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

0.88 E : i - ‘-‘;i‘_‘_‘_‘_‘_\‘

0 10 20 30 40 50

!

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

Gianluca Spizzo, CNR Padova



ORBIT on TEXTOR

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

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

@, [V] . .
-400  -200 0 200 400 the ambipolar solution
9.2 ;‘ T 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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ORBIT on TEXTOR

Ambipolar roots w/ RMP

@ In stellarators, it is
possible to jump from the
ion- to the electron-root

3k - op 1 _
Eloxoxp / by using

E ECRH [ ]
2F ] @ Is it feasible in a tokamak
with RMP?

7 @ Sensitivity scan: in the
TF 1 OP the system flips to

g the ion root (D./D; < 1)
for T/ T; < 0.5

~

log(De/Di)

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

results - REX. TEXTOR
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RFX 0/1 RFX 1/7
fixedp. | Lo | De/D;i | E' Ne, Te Lo | 0E" | ne, T
OP min | >1 | <0 | min/max | max | <0 | max
XP max | ~1 | >0 | max/min | min | >0 | min
TEXTOR 4/1
fixed p. | Lc | De/Di | E" | ne, Te
OoP max | ~1 |0 | max
XP min >1 | >0]| min




Summar

Conclusions and Perspectives

@ 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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