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Rationale and motivation
▶ A complete 3D description of the magnetic field is unavoidable in present and

future fusion devices
▶ The presence of a ripple/resonant perturbation at the edge modulates indeed all

the plasma properties in the external region (Chapman et al. 2014a,b)

which has been introduced in test-particle simulations with
the guiding-center code ORBIT.18 The model for the potential
satisfies the ambipolar condition Ce¼Ci on a magnetic flux
surface close to the wall. Results are compared with data
from RFX-mod and TEXTOR. The theory and data we pres-
ent could be of interest for explaining the restriction for
the collisionality window which characterizes ELM suppres-
sion with RMPs,19 and the issue of the edge islands in
stellarators.

The paper is organized as follows: Section II describes
the main features of the measurements (mainly on the RFX-
mod); Section III shows results of test-particle simulations
with ORBIT, both in RFX and TEXTOR; Section IV shows
how the model for the ambipolar potential works, and com-
pares results with data from RFX and TEXTOR; finally, in
Sec. V we draw our conclusions.

II. THE EXPERIMENTAL BASIS

It is often read in textbooks that the plasma edge is a
smooth surface, symmetric along the toroidal angle /. The
name itself of “toroidal” confinement devices tacitly assumes
the hypothesis that / is a symmetry of the system. When
measuring plasma kinetic properties, such as electron density
or electron pressure, it is evident that reality is far from the
idea of a smooth magnetic flux surface: in Fig. 1(a), electron
density is plotted as a function of radius and time, while a
2/1 mode is made rotating with the I-coils in the lab frame of
reference of DIII-D (the picture is adapted from Ref. 20). It
is evident a modulation of density as a function of time,
coherent with the phase of the magnetic mode. In Fig. 1(b),
the same exercise is done in the case of electron pressure,
when a 1/7 mode is kept slowly rotating by the feedback sys-
tem21 of the RFX-mod reversed-field pinch: again, electron
pressure is modulated in time, while the mode is sweeping in
front of the diagnostic (the picture is taken from Ref. 22).
Finally, Fig. 1(c) shows a simulation of connection length
(the parallel path along a field line from a given point to the

wall), as a function of radius R and poloidal angle h in the
LHD stellarator: the surface is not smooth, and all kind of
structures (ergodic “fingers,” conserved regions, and laminar
zones directly connected to the wall) are visible (the picture
is adapted from Ref. 23). Considered globally, Fig. 1 shows
that, despite formidable differences in the equilibrium fields,
nature of transport, size of the device, type of input power,
all of the three main magnetic confinement configurations,
when confronted with 3D fields and magnetic chaos in the
edge, show coherent and macroscopic modulations of kinetic
quantities which can be easily put into relationship with the
symmetry of the dominant magnetic island.

To explore this in more detail, we focus on one of the
three configurations, namely the reversed-field pinch. Fig. 2
is the starting point for the studies on flow and islands in the
edge: it shows the measurement of the toroidal component of
plasma flow, v/, as a function of the helical angle u, in the
case of a 0/1 island in the RFX-mod reversed field pinch. It
is worth recalling that the equilibrium magnetic field in the
edge of a reversed field pinch is poloidal, so that ðvr; v/Þ are
the components of the perpendicular flow. The flow is meas-
ured by a gas-puff imaging diagnostic (GPI),24,25 at a single
point toroidally and at a radius r¼ 0.98a. Since the island is
slowly rotating in the lab frame of reference, to map the
measurement (which is a function of time) on the topology
of the island, we use the definition of helical angle
uðh;/; tÞ ¼ mh$ n/þ xm;nt, which in the case of a 0/1
island simplifies to u0;1 ¼ $/þ x0;1t. One can interpret u0,1

as the toroidal angle in a frame of reference rotating together
with the island. Formally, it can be shown that the formula
for um,n is obtained quite naturally by expressing the
Hamiltonian of field lines in action-angle variables:26 in this
way, any island that develops at a given m/n resonance has a
similar shape, when plotted on the plane (u, w), with w the
magnetic flux coordinate (for more details about the defini-
tion and use of the helical angle, the reader can refer to Ref.
22). The flow is generally negative over the helical angle,
which would correspond to Er< 0 (the diamagnetic term

FIG. 1. (a) measurements of electron
density profiles as a function of time
(on y-axis) in the DIII-D Tokamak,
while the 2/1 mode is rotating; (b)
measurements of electron pressure pro-
files as a function of time, in the RFX-
mod reversed field pinch, while the 1/7
mode is kept into slow rotation by the
feedback system; (c) simulation of
connection lengths Lc in the LHD stel-
larator, poloidal angle on the y-axis. In
all of the three cases, radius is on the
x-axis.
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surface close to the wall. Results are compared with data
from RFX-mod and TEXTOR. The theory and data we pres-
ent could be of interest for explaining the restriction for
the collisionality window which characterizes ELM suppres-
sion with RMPs,19 and the issue of the edge islands in
stellarators.

The paper is organized as follows: Section II describes
the main features of the measurements (mainly on the RFX-
mod); Section III shows results of test-particle simulations
with ORBIT, both in RFX and TEXTOR; Section IV shows
how the model for the ambipolar potential works, and com-
pares results with data from RFX and TEXTOR; finally, in
Sec. V we draw our conclusions.
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name itself of “toroidal” confinement devices tacitly assumes
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reference of DIII-D (the picture is adapted from Ref. 20). It
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tem21 of the RFX-mod reversed-field pinch: again, electron
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(the parallel path along a field line from a given point to the
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nature of transport, size of the device, type of input power,
all of the three main magnetic confinement configurations,
when confronted with 3D fields and magnetic chaos in the
edge, show coherent and macroscopic modulations of kinetic
quantities which can be easily put into relationship with the
symmetry of the dominant magnetic island.

To explore this in more detail, we focus on one of the
three configurations, namely the reversed-field pinch. Fig. 2
is the starting point for the studies on flow and islands in the
edge: it shows the measurement of the toroidal component of
plasma flow, v/, as a function of the helical angle u, in the
case of a 0/1 island in the RFX-mod reversed field pinch. It
is worth recalling that the equilibrium magnetic field in the
edge of a reversed field pinch is poloidal, so that ðvr; v/Þ are
the components of the perpendicular flow. The flow is meas-
ured by a gas-puff imaging diagnostic (GPI),24,25 at a single
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measurement (which is a function of time) on the topology
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uðh;/; tÞ ¼ mh$ n/þ xm;nt, which in the case of a 0/1
island simplifies to u0;1 ¼ $/þ x0;1t. One can interpret u0,1
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for um,n is obtained quite naturally by expressing the
Hamiltonian of field lines in action-angle variables:26 in this
way, any island that develops at a given m/n resonance has a
similar shape, when plotted on the plane (u, w), with w the
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which has been introduced in test-particle simulations with
the guiding-center code ORBIT.18 The model for the potential
satisfies the ambipolar condition Ce¼Ci on a magnetic flux
surface close to the wall. Results are compared with data
from RFX-mod and TEXTOR. The theory and data we pres-
ent could be of interest for explaining the restriction for
the collisionality window which characterizes ELM suppres-
sion with RMPs,19 and the issue of the edge islands in
stellarators.

The paper is organized as follows: Section II describes
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2/1 mode is made rotating with the I-coils in the lab frame of
reference of DIII-D (the picture is adapted from Ref. 20). It
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coherent with the phase of the magnetic mode. In Fig. 1(b),
the same exercise is done in the case of electron pressure,
when a 1/7 mode is kept slowly rotating by the feedback sys-
tem21 of the RFX-mod reversed-field pinch: again, electron
pressure is modulated in time, while the mode is sweeping in
front of the diagnostic (the picture is taken from Ref. 22).
Finally, Fig. 1(c) shows a simulation of connection length
(the parallel path along a field line from a given point to the
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zones directly connected to the wall) are visible (the picture
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that, despite formidable differences in the equilibrium fields,
nature of transport, size of the device, type of input power,
all of the three main magnetic confinement configurations,
when confronted with 3D fields and magnetic chaos in the
edge, show coherent and macroscopic modulations of kinetic
quantities which can be easily put into relationship with the
symmetry of the dominant magnetic island.

To explore this in more detail, we focus on one of the
three configurations, namely the reversed-field pinch. Fig. 2
is the starting point for the studies on flow and islands in the
edge: it shows the measurement of the toroidal component of
plasma flow, v/, as a function of the helical angle u, in the
case of a 0/1 island in the RFX-mod reversed field pinch. It
is worth recalling that the equilibrium magnetic field in the
edge of a reversed field pinch is poloidal, so that ðvr; v/Þ are
the components of the perpendicular flow. The flow is meas-
ured by a gas-puff imaging diagnostic (GPI),24,25 at a single
point toroidally and at a radius r¼ 0.98a. Since the island is
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measurement (which is a function of time) on the topology
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Rationale and motivation
▶ A complete 3D description of the magnetic field is unavoidable in present and

future fusion devices
▶ The presence of a ripple/resonant perturbation at the edge modulates indeed all

the plasma properties in the external region (Chapman et al. 2014a,b)
▶ It was clearly recognized in rotating RMP experiments (Moyer et al. 2012)

which has been introduced in test-particle simulations with
the guiding-center code ORBIT.18 The model for the potential
satisfies the ambipolar condition Ce¼Ci on a magnetic flux
surface close to the wall. Results are compared with data
from RFX-mod and TEXTOR. The theory and data we pres-
ent could be of interest for explaining the restriction for
the collisionality window which characterizes ELM suppres-
sion with RMPs,19 and the issue of the edge islands in
stellarators.

The paper is organized as follows: Section II describes
the main features of the measurements (mainly on the RFX-
mod); Section III shows results of test-particle simulations
with ORBIT, both in RFX and TEXTOR; Section IV shows
how the model for the ambipolar potential works, and com-
pares results with data from RFX and TEXTOR; finally, in
Sec. V we draw our conclusions.
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smooth surface, symmetric along the toroidal angle /. The
name itself of “toroidal” confinement devices tacitly assumes
the hypothesis that / is a symmetry of the system. When
measuring plasma kinetic properties, such as electron density
or electron pressure, it is evident that reality is far from the
idea of a smooth magnetic flux surface: in Fig. 1(a), electron
density is plotted as a function of radius and time, while a
2/1 mode is made rotating with the I-coils in the lab frame of
reference of DIII-D (the picture is adapted from Ref. 20). It
is evident a modulation of density as a function of time,
coherent with the phase of the magnetic mode. In Fig. 1(b),
the same exercise is done in the case of electron pressure,
when a 1/7 mode is kept slowly rotating by the feedback sys-
tem21 of the RFX-mod reversed-field pinch: again, electron
pressure is modulated in time, while the mode is sweeping in
front of the diagnostic (the picture is taken from Ref. 22).
Finally, Fig. 1(c) shows a simulation of connection length
(the parallel path along a field line from a given point to the

wall), as a function of radius R and poloidal angle h in the
LHD stellarator: the surface is not smooth, and all kind of
structures (ergodic “fingers,” conserved regions, and laminar
zones directly connected to the wall) are visible (the picture
is adapted from Ref. 23). Considered globally, Fig. 1 shows
that, despite formidable differences in the equilibrium fields,
nature of transport, size of the device, type of input power,
all of the three main magnetic confinement configurations,
when confronted with 3D fields and magnetic chaos in the
edge, show coherent and macroscopic modulations of kinetic
quantities which can be easily put into relationship with the
symmetry of the dominant magnetic island.

To explore this in more detail, we focus on one of the
three configurations, namely the reversed-field pinch. Fig. 2
is the starting point for the studies on flow and islands in the
edge: it shows the measurement of the toroidal component of
plasma flow, v/, as a function of the helical angle u, in the
case of a 0/1 island in the RFX-mod reversed field pinch. It
is worth recalling that the equilibrium magnetic field in the
edge of a reversed field pinch is poloidal, so that ðvr; v/Þ are
the components of the perpendicular flow. The flow is meas-
ured by a gas-puff imaging diagnostic (GPI),24,25 at a single
point toroidally and at a radius r¼ 0.98a. Since the island is
slowly rotating in the lab frame of reference, to map the
measurement (which is a function of time) on the topology
of the island, we use the definition of helical angle
uðh;/; tÞ ¼ mh$ n/þ xm;nt, which in the case of a 0/1
island simplifies to u0;1 ¼ $/þ x0;1t. One can interpret u0,1

as the toroidal angle in a frame of reference rotating together
with the island. Formally, it can be shown that the formula
for um,n is obtained quite naturally by expressing the
Hamiltonian of field lines in action-angle variables:26 in this
way, any island that develops at a given m/n resonance has a
similar shape, when plotted on the plane (u, w), with w the
magnetic flux coordinate (for more details about the defini-
tion and use of the helical angle, the reader can refer to Ref.
22). The flow is generally negative over the helical angle,
which would correspond to Er< 0 (the diamagnetic term

FIG. 1. (a) measurements of electron
density profiles as a function of time
(on y-axis) in the DIII-D Tokamak,
while the 2/1 mode is rotating; (b)
measurements of electron pressure pro-
files as a function of time, in the RFX-
mod reversed field pinch, while the 1/7
mode is kept into slow rotation by the
feedback system; (c) simulation of
connection lengths Lc in the LHD stel-
larator, poloidal angle on the y-axis. In
all of the three cases, radius is on the
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which has been introduced in test-particle simulations with
the guiding-center code ORBIT.18 The model for the potential
satisfies the ambipolar condition Ce¼Ci on a magnetic flux
surface close to the wall. Results are compared with data
from RFX-mod and TEXTOR. The theory and data we pres-
ent could be of interest for explaining the restriction for
the collisionality window which characterizes ELM suppres-
sion with RMPs,19 and the issue of the edge islands in
stellarators.

The paper is organized as follows: Section II describes
the main features of the measurements (mainly on the RFX-
mod); Section III shows results of test-particle simulations
with ORBIT, both in RFX and TEXTOR; Section IV shows
how the model for the ambipolar potential works, and com-
pares results with data from RFX and TEXTOR; finally, in
Sec. V we draw our conclusions.

II. THE EXPERIMENTAL BASIS

It is often read in textbooks that the plasma edge is a
smooth surface, symmetric along the toroidal angle /. The
name itself of “toroidal” confinement devices tacitly assumes
the hypothesis that / is a symmetry of the system. When
measuring plasma kinetic properties, such as electron density
or electron pressure, it is evident that reality is far from the
idea of a smooth magnetic flux surface: in Fig. 1(a), electron
density is plotted as a function of radius and time, while a
2/1 mode is made rotating with the I-coils in the lab frame of
reference of DIII-D (the picture is adapted from Ref. 20). It
is evident a modulation of density as a function of time,
coherent with the phase of the magnetic mode. In Fig. 1(b),
the same exercise is done in the case of electron pressure,
when a 1/7 mode is kept slowly rotating by the feedback sys-
tem21 of the RFX-mod reversed-field pinch: again, electron
pressure is modulated in time, while the mode is sweeping in
front of the diagnostic (the picture is taken from Ref. 22).
Finally, Fig. 1(c) shows a simulation of connection length
(the parallel path along a field line from a given point to the

wall), as a function of radius R and poloidal angle h in the
LHD stellarator: the surface is not smooth, and all kind of
structures (ergodic “fingers,” conserved regions, and laminar
zones directly connected to the wall) are visible (the picture
is adapted from Ref. 23). Considered globally, Fig. 1 shows
that, despite formidable differences in the equilibrium fields,
nature of transport, size of the device, type of input power,
all of the three main magnetic confinement configurations,
when confronted with 3D fields and magnetic chaos in the
edge, show coherent and macroscopic modulations of kinetic
quantities which can be easily put into relationship with the
symmetry of the dominant magnetic island.

To explore this in more detail, we focus on one of the
three configurations, namely the reversed-field pinch. Fig. 2
is the starting point for the studies on flow and islands in the
edge: it shows the measurement of the toroidal component of
plasma flow, v/, as a function of the helical angle u, in the
case of a 0/1 island in the RFX-mod reversed field pinch. It
is worth recalling that the equilibrium magnetic field in the
edge of a reversed field pinch is poloidal, so that ðvr; v/Þ are
the components of the perpendicular flow. The flow is meas-
ured by a gas-puff imaging diagnostic (GPI),24,25 at a single
point toroidally and at a radius r¼ 0.98a. Since the island is
slowly rotating in the lab frame of reference, to map the
measurement (which is a function of time) on the topology
of the island, we use the definition of helical angle
uðh;/; tÞ ¼ mh$ n/þ xm;nt, which in the case of a 0/1
island simplifies to u0;1 ¼ $/þ x0;1t. One can interpret u0,1

as the toroidal angle in a frame of reference rotating together
with the island. Formally, it can be shown that the formula
for um,n is obtained quite naturally by expressing the
Hamiltonian of field lines in action-angle variables:26 in this
way, any island that develops at a given m/n resonance has a
similar shape, when plotted on the plane (u, w), with w the
magnetic flux coordinate (for more details about the defini-
tion and use of the helical angle, the reader can refer to Ref.
22). The flow is generally negative over the helical angle,
which would correspond to Er< 0 (the diamagnetic term
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which has been introduced in test-particle simulations with
the guiding-center code ORBIT.18 The model for the potential
satisfies the ambipolar condition Ce¼Ci on a magnetic flux
surface close to the wall. Results are compared with data
from RFX-mod and TEXTOR. The theory and data we pres-
ent could be of interest for explaining the restriction for
the collisionality window which characterizes ELM suppres-
sion with RMPs,19 and the issue of the edge islands in
stellarators.
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all of the three main magnetic confinement configurations,
when confronted with 3D fields and magnetic chaos in the
edge, show coherent and macroscopic modulations of kinetic
quantities which can be easily put into relationship with the
symmetry of the dominant magnetic island.

To explore this in more detail, we focus on one of the
three configurations, namely the reversed-field pinch. Fig. 2
is the starting point for the studies on flow and islands in the
edge: it shows the measurement of the toroidal component of
plasma flow, v/, as a function of the helical angle u, in the
case of a 0/1 island in the RFX-mod reversed field pinch. It
is worth recalling that the equilibrium magnetic field in the
edge of a reversed field pinch is poloidal, so that ðvr; v/Þ are
the components of the perpendicular flow. The flow is meas-
ured by a gas-puff imaging diagnostic (GPI),24,25 at a single
point toroidally and at a radius r¼ 0.98a. Since the island is
slowly rotating in the lab frame of reference, to map the
measurement (which is a function of time) on the topology
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island simplifies to u0;1 ¼ $/þ x0;1t. One can interpret u0,1

as the toroidal angle in a frame of reference rotating together
with the island. Formally, it can be shown that the formula
for um,n is obtained quite naturally by expressing the
Hamiltonian of field lines in action-angle variables:26 in this
way, any island that develops at a given m/n resonance has a
similar shape, when plotted on the plane (u, w), with w the
magnetic flux coordinate (for more details about the defini-
tion and use of the helical angle, the reader can refer to Ref.
22). The flow is generally negative over the helical angle,
which would correspond to Er< 0 (the diamagnetic term

FIG. 1. (a) measurements of electron
density profiles as a function of time
(on y-axis) in the DIII-D Tokamak,
while the 2/1 mode is rotating; (b)
measurements of electron pressure pro-
files as a function of time, in the RFX-
mod reversed field pinch, while the 1/7
mode is kept into slow rotation by the
feedback system; (c) simulation of
connection lengths Lc in the LHD stel-
larator, poloidal angle on the y-axis. In
all of the three cases, radius is on the
x-axis.
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Rationale and motivation
▶ A complete 3D description of the magnetic field is unavoidable in present and

future fusion devices
▶ The presence of a ripple/resonant perturbation at the edge modulates indeed all

the plasma properties in the external region (Chapman et al. 2014a,b)
▶ Well known in magnetic-island divertor for stellarators (Feng et al. 2011)

which has been introduced in test-particle simulations with
the guiding-center code ORBIT.18 The model for the potential
satisfies the ambipolar condition Ce¼Ci on a magnetic flux
surface close to the wall. Results are compared with data
from RFX-mod and TEXTOR. The theory and data we pres-
ent could be of interest for explaining the restriction for
the collisionality window which characterizes ELM suppres-
sion with RMPs,19 and the issue of the edge islands in
stellarators.

The paper is organized as follows: Section II describes
the main features of the measurements (mainly on the RFX-
mod); Section III shows results of test-particle simulations
with ORBIT, both in RFX and TEXTOR; Section IV shows
how the model for the ambipolar potential works, and com-
pares results with data from RFX and TEXTOR; finally, in
Sec. V we draw our conclusions.

II. THE EXPERIMENTAL BASIS

It is often read in textbooks that the plasma edge is a
smooth surface, symmetric along the toroidal angle /. The
name itself of “toroidal” confinement devices tacitly assumes
the hypothesis that / is a symmetry of the system. When
measuring plasma kinetic properties, such as electron density
or electron pressure, it is evident that reality is far from the
idea of a smooth magnetic flux surface: in Fig. 1(a), electron
density is plotted as a function of radius and time, while a
2/1 mode is made rotating with the I-coils in the lab frame of
reference of DIII-D (the picture is adapted from Ref. 20). It
is evident a modulation of density as a function of time,
coherent with the phase of the magnetic mode. In Fig. 1(b),
the same exercise is done in the case of electron pressure,
when a 1/7 mode is kept slowly rotating by the feedback sys-
tem21 of the RFX-mod reversed-field pinch: again, electron
pressure is modulated in time, while the mode is sweeping in
front of the diagnostic (the picture is taken from Ref. 22).
Finally, Fig. 1(c) shows a simulation of connection length
(the parallel path along a field line from a given point to the

wall), as a function of radius R and poloidal angle h in the
LHD stellarator: the surface is not smooth, and all kind of
structures (ergodic “fingers,” conserved regions, and laminar
zones directly connected to the wall) are visible (the picture
is adapted from Ref. 23). Considered globally, Fig. 1 shows
that, despite formidable differences in the equilibrium fields,
nature of transport, size of the device, type of input power,
all of the three main magnetic confinement configurations,
when confronted with 3D fields and magnetic chaos in the
edge, show coherent and macroscopic modulations of kinetic
quantities which can be easily put into relationship with the
symmetry of the dominant magnetic island.

To explore this in more detail, we focus on one of the
three configurations, namely the reversed-field pinch. Fig. 2
is the starting point for the studies on flow and islands in the
edge: it shows the measurement of the toroidal component of
plasma flow, v/, as a function of the helical angle u, in the
case of a 0/1 island in the RFX-mod reversed field pinch. It
is worth recalling that the equilibrium magnetic field in the
edge of a reversed field pinch is poloidal, so that ðvr; v/Þ are
the components of the perpendicular flow. The flow is meas-
ured by a gas-puff imaging diagnostic (GPI),24,25 at a single
point toroidally and at a radius r¼ 0.98a. Since the island is
slowly rotating in the lab frame of reference, to map the
measurement (which is a function of time) on the topology
of the island, we use the definition of helical angle
uðh;/; tÞ ¼ mh$ n/þ xm;nt, which in the case of a 0/1
island simplifies to u0;1 ¼ $/þ x0;1t. One can interpret u0,1

as the toroidal angle in a frame of reference rotating together
with the island. Formally, it can be shown that the formula
for um,n is obtained quite naturally by expressing the
Hamiltonian of field lines in action-angle variables:26 in this
way, any island that develops at a given m/n resonance has a
similar shape, when plotted on the plane (u, w), with w the
magnetic flux coordinate (for more details about the defini-
tion and use of the helical angle, the reader can refer to Ref.
22). The flow is generally negative over the helical angle,
which would correspond to Er< 0 (the diamagnetic term

FIG. 1. (a) measurements of electron
density profiles as a function of time
(on y-axis) in the DIII-D Tokamak,
while the 2/1 mode is rotating; (b)
measurements of electron pressure pro-
files as a function of time, in the RFX-
mod reversed field pinch, while the 1/7
mode is kept into slow rotation by the
feedback system; (c) simulation of
connection lengths Lc in the LHD stel-
larator, poloidal angle on the y-axis. In
all of the three cases, radius is on the
x-axis.
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which has been introduced in test-particle simulations with
the guiding-center code ORBIT.18 The model for the potential
satisfies the ambipolar condition Ce¼Ci on a magnetic flux
surface close to the wall. Results are compared with data
from RFX-mod and TEXTOR. The theory and data we pres-
ent could be of interest for explaining the restriction for
the collisionality window which characterizes ELM suppres-
sion with RMPs,19 and the issue of the edge islands in
stellarators.

The paper is organized as follows: Section II describes
the main features of the measurements (mainly on the RFX-
mod); Section III shows results of test-particle simulations
with ORBIT, both in RFX and TEXTOR; Section IV shows
how the model for the ambipolar potential works, and com-
pares results with data from RFX and TEXTOR; finally, in
Sec. V we draw our conclusions.

II. THE EXPERIMENTAL BASIS

It is often read in textbooks that the plasma edge is a
smooth surface, symmetric along the toroidal angle /. The
name itself of “toroidal” confinement devices tacitly assumes
the hypothesis that / is a symmetry of the system. When
measuring plasma kinetic properties, such as electron density
or electron pressure, it is evident that reality is far from the
idea of a smooth magnetic flux surface: in Fig. 1(a), electron
density is plotted as a function of radius and time, while a
2/1 mode is made rotating with the I-coils in the lab frame of
reference of DIII-D (the picture is adapted from Ref. 20). It
is evident a modulation of density as a function of time,
coherent with the phase of the magnetic mode. In Fig. 1(b),
the same exercise is done in the case of electron pressure,
when a 1/7 mode is kept slowly rotating by the feedback sys-
tem21 of the RFX-mod reversed-field pinch: again, electron
pressure is modulated in time, while the mode is sweeping in
front of the diagnostic (the picture is taken from Ref. 22).
Finally, Fig. 1(c) shows a simulation of connection length
(the parallel path along a field line from a given point to the

wall), as a function of radius R and poloidal angle h in the
LHD stellarator: the surface is not smooth, and all kind of
structures (ergodic “fingers,” conserved regions, and laminar
zones directly connected to the wall) are visible (the picture
is adapted from Ref. 23). Considered globally, Fig. 1 shows
that, despite formidable differences in the equilibrium fields,
nature of transport, size of the device, type of input power,
all of the three main magnetic confinement configurations,
when confronted with 3D fields and magnetic chaos in the
edge, show coherent and macroscopic modulations of kinetic
quantities which can be easily put into relationship with the
symmetry of the dominant magnetic island.

To explore this in more detail, we focus on one of the
three configurations, namely the reversed-field pinch. Fig. 2
is the starting point for the studies on flow and islands in the
edge: it shows the measurement of the toroidal component of
plasma flow, v/, as a function of the helical angle u, in the
case of a 0/1 island in the RFX-mod reversed field pinch. It
is worth recalling that the equilibrium magnetic field in the
edge of a reversed field pinch is poloidal, so that ðvr; v/Þ are
the components of the perpendicular flow. The flow is meas-
ured by a gas-puff imaging diagnostic (GPI),24,25 at a single
point toroidally and at a radius r¼ 0.98a. Since the island is
slowly rotating in the lab frame of reference, to map the
measurement (which is a function of time) on the topology
of the island, we use the definition of helical angle
uðh;/; tÞ ¼ mh$ n/þ xm;nt, which in the case of a 0/1
island simplifies to u0;1 ¼ $/þ x0;1t. One can interpret u0,1

as the toroidal angle in a frame of reference rotating together
with the island. Formally, it can be shown that the formula
for um,n is obtained quite naturally by expressing the
Hamiltonian of field lines in action-angle variables:26 in this
way, any island that develops at a given m/n resonance has a
similar shape, when plotted on the plane (u, w), with w the
magnetic flux coordinate (for more details about the defini-
tion and use of the helical angle, the reader can refer to Ref.
22). The flow is generally negative over the helical angle,
which would correspond to Er< 0 (the diamagnetic term

FIG. 1. (a) measurements of electron
density profiles as a function of time
(on y-axis) in the DIII-D Tokamak,
while the 2/1 mode is rotating; (b)
measurements of electron pressure pro-
files as a function of time, in the RFX-
mod reversed field pinch, while the 1/7
mode is kept into slow rotation by the
feedback system; (c) simulation of
connection lengths Lc in the LHD stel-
larator, poloidal angle on the y-axis. In
all of the three cases, radius is on the
x-axis.
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which has been introduced in test-particle simulations with
the guiding-center code ORBIT.18 The model for the potential
satisfies the ambipolar condition Ce¼Ci on a magnetic flux
surface close to the wall. Results are compared with data
from RFX-mod and TEXTOR. The theory and data we pres-
ent could be of interest for explaining the restriction for
the collisionality window which characterizes ELM suppres-
sion with RMPs,19 and the issue of the edge islands in
stellarators.

The paper is organized as follows: Section II describes
the main features of the measurements (mainly on the RFX-
mod); Section III shows results of test-particle simulations
with ORBIT, both in RFX and TEXTOR; Section IV shows
how the model for the ambipolar potential works, and com-
pares results with data from RFX and TEXTOR; finally, in
Sec. V we draw our conclusions.

II. THE EXPERIMENTAL BASIS

It is often read in textbooks that the plasma edge is a
smooth surface, symmetric along the toroidal angle /. The
name itself of “toroidal” confinement devices tacitly assumes
the hypothesis that / is a symmetry of the system. When
measuring plasma kinetic properties, such as electron density
or electron pressure, it is evident that reality is far from the
idea of a smooth magnetic flux surface: in Fig. 1(a), electron
density is plotted as a function of radius and time, while a
2/1 mode is made rotating with the I-coils in the lab frame of
reference of DIII-D (the picture is adapted from Ref. 20). It
is evident a modulation of density as a function of time,
coherent with the phase of the magnetic mode. In Fig. 1(b),
the same exercise is done in the case of electron pressure,
when a 1/7 mode is kept slowly rotating by the feedback sys-
tem21 of the RFX-mod reversed-field pinch: again, electron
pressure is modulated in time, while the mode is sweeping in
front of the diagnostic (the picture is taken from Ref. 22).
Finally, Fig. 1(c) shows a simulation of connection length
(the parallel path along a field line from a given point to the

wall), as a function of radius R and poloidal angle h in the
LHD stellarator: the surface is not smooth, and all kind of
structures (ergodic “fingers,” conserved regions, and laminar
zones directly connected to the wall) are visible (the picture
is adapted from Ref. 23). Considered globally, Fig. 1 shows
that, despite formidable differences in the equilibrium fields,
nature of transport, size of the device, type of input power,
all of the three main magnetic confinement configurations,
when confronted with 3D fields and magnetic chaos in the
edge, show coherent and macroscopic modulations of kinetic
quantities which can be easily put into relationship with the
symmetry of the dominant magnetic island.

To explore this in more detail, we focus on one of the
three configurations, namely the reversed-field pinch. Fig. 2
is the starting point for the studies on flow and islands in the
edge: it shows the measurement of the toroidal component of
plasma flow, v/, as a function of the helical angle u, in the
case of a 0/1 island in the RFX-mod reversed field pinch. It
is worth recalling that the equilibrium magnetic field in the
edge of a reversed field pinch is poloidal, so that ðvr; v/Þ are
the components of the perpendicular flow. The flow is meas-
ured by a gas-puff imaging diagnostic (GPI),24,25 at a single
point toroidally and at a radius r¼ 0.98a. Since the island is
slowly rotating in the lab frame of reference, to map the
measurement (which is a function of time) on the topology
of the island, we use the definition of helical angle
uðh;/; tÞ ¼ mh$ n/þ xm;nt, which in the case of a 0/1
island simplifies to u0;1 ¼ $/þ x0;1t. One can interpret u0,1

as the toroidal angle in a frame of reference rotating together
with the island. Formally, it can be shown that the formula
for um,n is obtained quite naturally by expressing the
Hamiltonian of field lines in action-angle variables:26 in this
way, any island that develops at a given m/n resonance has a
similar shape, when plotted on the plane (u, w), with w the
magnetic flux coordinate (for more details about the defini-
tion and use of the helical angle, the reader can refer to Ref.
22). The flow is generally negative over the helical angle,
which would correspond to Er< 0 (the diamagnetic term

FIG. 1. (a) measurements of electron
density profiles as a function of time
(on y-axis) in the DIII-D Tokamak,
while the 2/1 mode is rotating; (b)
measurements of electron pressure pro-
files as a function of time, in the RFX-
mod reversed field pinch, while the 1/7
mode is kept into slow rotation by the
feedback system; (c) simulation of
connection lengths Lc in the LHD stel-
larator, poloidal angle on the y-axis. In
all of the three cases, radius is on the
x-axis.
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Rationale and motivation
▶ A complete 3D description of the magnetic field is unavoidable in present and

future fusion devices
▶ The presence of a ripple/resonant perturbation at the edge modulates indeed all

the plasma properties in the external region (Chapman et al. 2014a,b)
▶ Observed in helically-shaped Reversed Field Pinch discharges (Vianello et al. 2013)

which has been introduced in test-particle simulations with
the guiding-center code ORBIT.18 The model for the potential
satisfies the ambipolar condition Ce¼Ci on a magnetic flux
surface close to the wall. Results are compared with data
from RFX-mod and TEXTOR. The theory and data we pres-
ent could be of interest for explaining the restriction for
the collisionality window which characterizes ELM suppres-
sion with RMPs,19 and the issue of the edge islands in
stellarators.

The paper is organized as follows: Section II describes
the main features of the measurements (mainly on the RFX-
mod); Section III shows results of test-particle simulations
with ORBIT, both in RFX and TEXTOR; Section IV shows
how the model for the ambipolar potential works, and com-
pares results with data from RFX and TEXTOR; finally, in
Sec. V we draw our conclusions.

II. THE EXPERIMENTAL BASIS

It is often read in textbooks that the plasma edge is a
smooth surface, symmetric along the toroidal angle /. The
name itself of “toroidal” confinement devices tacitly assumes
the hypothesis that / is a symmetry of the system. When
measuring plasma kinetic properties, such as electron density
or electron pressure, it is evident that reality is far from the
idea of a smooth magnetic flux surface: in Fig. 1(a), electron
density is plotted as a function of radius and time, while a
2/1 mode is made rotating with the I-coils in the lab frame of
reference of DIII-D (the picture is adapted from Ref. 20). It
is evident a modulation of density as a function of time,
coherent with the phase of the magnetic mode. In Fig. 1(b),
the same exercise is done in the case of electron pressure,
when a 1/7 mode is kept slowly rotating by the feedback sys-
tem21 of the RFX-mod reversed-field pinch: again, electron
pressure is modulated in time, while the mode is sweeping in
front of the diagnostic (the picture is taken from Ref. 22).
Finally, Fig. 1(c) shows a simulation of connection length
(the parallel path along a field line from a given point to the

wall), as a function of radius R and poloidal angle h in the
LHD stellarator: the surface is not smooth, and all kind of
structures (ergodic “fingers,” conserved regions, and laminar
zones directly connected to the wall) are visible (the picture
is adapted from Ref. 23). Considered globally, Fig. 1 shows
that, despite formidable differences in the equilibrium fields,
nature of transport, size of the device, type of input power,
all of the three main magnetic confinement configurations,
when confronted with 3D fields and magnetic chaos in the
edge, show coherent and macroscopic modulations of kinetic
quantities which can be easily put into relationship with the
symmetry of the dominant magnetic island.

To explore this in more detail, we focus on one of the
three configurations, namely the reversed-field pinch. Fig. 2
is the starting point for the studies on flow and islands in the
edge: it shows the measurement of the toroidal component of
plasma flow, v/, as a function of the helical angle u, in the
case of a 0/1 island in the RFX-mod reversed field pinch. It
is worth recalling that the equilibrium magnetic field in the
edge of a reversed field pinch is poloidal, so that ðvr; v/Þ are
the components of the perpendicular flow. The flow is meas-
ured by a gas-puff imaging diagnostic (GPI),24,25 at a single
point toroidally and at a radius r¼ 0.98a. Since the island is
slowly rotating in the lab frame of reference, to map the
measurement (which is a function of time) on the topology
of the island, we use the definition of helical angle
uðh;/; tÞ ¼ mh$ n/þ xm;nt, which in the case of a 0/1
island simplifies to u0;1 ¼ $/þ x0;1t. One can interpret u0,1

as the toroidal angle in a frame of reference rotating together
with the island. Formally, it can be shown that the formula
for um,n is obtained quite naturally by expressing the
Hamiltonian of field lines in action-angle variables:26 in this
way, any island that develops at a given m/n resonance has a
similar shape, when plotted on the plane (u, w), with w the
magnetic flux coordinate (for more details about the defini-
tion and use of the helical angle, the reader can refer to Ref.
22). The flow is generally negative over the helical angle,
which would correspond to Er< 0 (the diamagnetic term

FIG. 1. (a) measurements of electron
density profiles as a function of time
(on y-axis) in the DIII-D Tokamak,
while the 2/1 mode is rotating; (b)
measurements of electron pressure pro-
files as a function of time, in the RFX-
mod reversed field pinch, while the 1/7
mode is kept into slow rotation by the
feedback system; (c) simulation of
connection lengths Lc in the LHD stel-
larator, poloidal angle on the y-axis. In
all of the three cases, radius is on the
x-axis.
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which has been introduced in test-particle simulations with
the guiding-center code ORBIT.18 The model for the potential
satisfies the ambipolar condition Ce¼Ci on a magnetic flux
surface close to the wall. Results are compared with data
from RFX-mod and TEXTOR. The theory and data we pres-
ent could be of interest for explaining the restriction for
the collisionality window which characterizes ELM suppres-
sion with RMPs,19 and the issue of the edge islands in
stellarators.

The paper is organized as follows: Section II describes
the main features of the measurements (mainly on the RFX-
mod); Section III shows results of test-particle simulations
with ORBIT, both in RFX and TEXTOR; Section IV shows
how the model for the ambipolar potential works, and com-
pares results with data from RFX and TEXTOR; finally, in
Sec. V we draw our conclusions.

II. THE EXPERIMENTAL BASIS

It is often read in textbooks that the plasma edge is a
smooth surface, symmetric along the toroidal angle /. The
name itself of “toroidal” confinement devices tacitly assumes
the hypothesis that / is a symmetry of the system. When
measuring plasma kinetic properties, such as electron density
or electron pressure, it is evident that reality is far from the
idea of a smooth magnetic flux surface: in Fig. 1(a), electron
density is plotted as a function of radius and time, while a
2/1 mode is made rotating with the I-coils in the lab frame of
reference of DIII-D (the picture is adapted from Ref. 20). It
is evident a modulation of density as a function of time,
coherent with the phase of the magnetic mode. In Fig. 1(b),
the same exercise is done in the case of electron pressure,
when a 1/7 mode is kept slowly rotating by the feedback sys-
tem21 of the RFX-mod reversed-field pinch: again, electron
pressure is modulated in time, while the mode is sweeping in
front of the diagnostic (the picture is taken from Ref. 22).
Finally, Fig. 1(c) shows a simulation of connection length
(the parallel path along a field line from a given point to the

wall), as a function of radius R and poloidal angle h in the
LHD stellarator: the surface is not smooth, and all kind of
structures (ergodic “fingers,” conserved regions, and laminar
zones directly connected to the wall) are visible (the picture
is adapted from Ref. 23). Considered globally, Fig. 1 shows
that, despite formidable differences in the equilibrium fields,
nature of transport, size of the device, type of input power,
all of the three main magnetic confinement configurations,
when confronted with 3D fields and magnetic chaos in the
edge, show coherent and macroscopic modulations of kinetic
quantities which can be easily put into relationship with the
symmetry of the dominant magnetic island.

To explore this in more detail, we focus on one of the
three configurations, namely the reversed-field pinch. Fig. 2
is the starting point for the studies on flow and islands in the
edge: it shows the measurement of the toroidal component of
plasma flow, v/, as a function of the helical angle u, in the
case of a 0/1 island in the RFX-mod reversed field pinch. It
is worth recalling that the equilibrium magnetic field in the
edge of a reversed field pinch is poloidal, so that ðvr; v/Þ are
the components of the perpendicular flow. The flow is meas-
ured by a gas-puff imaging diagnostic (GPI),24,25 at a single
point toroidally and at a radius r¼ 0.98a. Since the island is
slowly rotating in the lab frame of reference, to map the
measurement (which is a function of time) on the topology
of the island, we use the definition of helical angle
uðh;/; tÞ ¼ mh$ n/þ xm;nt, which in the case of a 0/1
island simplifies to u0;1 ¼ $/þ x0;1t. One can interpret u0,1

as the toroidal angle in a frame of reference rotating together
with the island. Formally, it can be shown that the formula
for um,n is obtained quite naturally by expressing the
Hamiltonian of field lines in action-angle variables:26 in this
way, any island that develops at a given m/n resonance has a
similar shape, when plotted on the plane (u, w), with w the
magnetic flux coordinate (for more details about the defini-
tion and use of the helical angle, the reader can refer to Ref.
22). The flow is generally negative over the helical angle,
which would correspond to Er< 0 (the diamagnetic term

FIG. 1. (a) measurements of electron
density profiles as a function of time
(on y-axis) in the DIII-D Tokamak,
while the 2/1 mode is rotating; (b)
measurements of electron pressure pro-
files as a function of time, in the RFX-
mod reversed field pinch, while the 1/7
mode is kept into slow rotation by the
feedback system; (c) simulation of
connection lengths Lc in the LHD stel-
larator, poloidal angle on the y-axis. In
all of the three cases, radius is on the
x-axis.
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which has been introduced in test-particle simulations with
the guiding-center code ORBIT.18 The model for the potential
satisfies the ambipolar condition Ce¼Ci on a magnetic flux
surface close to the wall. Results are compared with data
from RFX-mod and TEXTOR. The theory and data we pres-
ent could be of interest for explaining the restriction for
the collisionality window which characterizes ELM suppres-
sion with RMPs,19 and the issue of the edge islands in
stellarators.

The paper is organized as follows: Section II describes
the main features of the measurements (mainly on the RFX-
mod); Section III shows results of test-particle simulations
with ORBIT, both in RFX and TEXTOR; Section IV shows
how the model for the ambipolar potential works, and com-
pares results with data from RFX and TEXTOR; finally, in
Sec. V we draw our conclusions.

II. THE EXPERIMENTAL BASIS

It is often read in textbooks that the plasma edge is a
smooth surface, symmetric along the toroidal angle /. The
name itself of “toroidal” confinement devices tacitly assumes
the hypothesis that / is a symmetry of the system. When
measuring plasma kinetic properties, such as electron density
or electron pressure, it is evident that reality is far from the
idea of a smooth magnetic flux surface: in Fig. 1(a), electron
density is plotted as a function of radius and time, while a
2/1 mode is made rotating with the I-coils in the lab frame of
reference of DIII-D (the picture is adapted from Ref. 20). It
is evident a modulation of density as a function of time,
coherent with the phase of the magnetic mode. In Fig. 1(b),
the same exercise is done in the case of electron pressure,
when a 1/7 mode is kept slowly rotating by the feedback sys-
tem21 of the RFX-mod reversed-field pinch: again, electron
pressure is modulated in time, while the mode is sweeping in
front of the diagnostic (the picture is taken from Ref. 22).
Finally, Fig. 1(c) shows a simulation of connection length
(the parallel path along a field line from a given point to the

wall), as a function of radius R and poloidal angle h in the
LHD stellarator: the surface is not smooth, and all kind of
structures (ergodic “fingers,” conserved regions, and laminar
zones directly connected to the wall) are visible (the picture
is adapted from Ref. 23). Considered globally, Fig. 1 shows
that, despite formidable differences in the equilibrium fields,
nature of transport, size of the device, type of input power,
all of the three main magnetic confinement configurations,
when confronted with 3D fields and magnetic chaos in the
edge, show coherent and macroscopic modulations of kinetic
quantities which can be easily put into relationship with the
symmetry of the dominant magnetic island.

To explore this in more detail, we focus on one of the
three configurations, namely the reversed-field pinch. Fig. 2
is the starting point for the studies on flow and islands in the
edge: it shows the measurement of the toroidal component of
plasma flow, v/, as a function of the helical angle u, in the
case of a 0/1 island in the RFX-mod reversed field pinch. It
is worth recalling that the equilibrium magnetic field in the
edge of a reversed field pinch is poloidal, so that ðvr; v/Þ are
the components of the perpendicular flow. The flow is meas-
ured by a gas-puff imaging diagnostic (GPI),24,25 at a single
point toroidally and at a radius r¼ 0.98a. Since the island is
slowly rotating in the lab frame of reference, to map the
measurement (which is a function of time) on the topology
of the island, we use the definition of helical angle
uðh;/; tÞ ¼ mh$ n/þ xm;nt, which in the case of a 0/1
island simplifies to u0;1 ¼ $/þ x0;1t. One can interpret u0,1

as the toroidal angle in a frame of reference rotating together
with the island. Formally, it can be shown that the formula
for um,n is obtained quite naturally by expressing the
Hamiltonian of field lines in action-angle variables:26 in this
way, any island that develops at a given m/n resonance has a
similar shape, when plotted on the plane (u, w), with w the
magnetic flux coordinate (for more details about the defini-
tion and use of the helical angle, the reader can refer to Ref.
22). The flow is generally negative over the helical angle,
which would correspond to Er< 0 (the diamagnetic term

FIG. 1. (a) measurements of electron
density profiles as a function of time
(on y-axis) in the DIII-D Tokamak,
while the 2/1 mode is rotating; (b)
measurements of electron pressure pro-
files as a function of time, in the RFX-
mod reversed field pinch, while the 1/7
mode is kept into slow rotation by the
feedback system; (c) simulation of
connection lengths Lc in the LHD stel-
larator, poloidal angle on the y-axis. In
all of the three cases, radius is on the
x-axis.
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Rationale and motivation /2

▶ Although the commonalities still unresolved issues exist on the interaction
of plasma with a non axy-symmetric magnetic field

1. How transport is modified in presence of magnetic island/RMP experiments?
2. Which is the mechanism determining the operational space in term of

collisionality/density?
3. Is small scale turbulence/blobs affected by a non axy-symmetric field?

▶ We will try to provide some additional piece of information by detailed
comparison of effects of a magnetic perturbation on the edge region of
RFX-mod exploiting the versatility of the device and operating both as a
Tokamak and as a Reversed Field Pinch
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RFX-mod operational space

RFX-mod (R = 2, a = 0.459 m) is
equipped with state of the art MHD
control system with 192 independently fed
saddle-coil. It can operate as an RFP with
spontaneous and imposed helical boundary

MAGNETIC NUCLEAR FUSION FEATURES

Modes control. Neoclassical Tearing Modes are instabi-
lities driven by plasma pressure, which cause the growth
of nested sets of magnetic field lines within the main
plasma, called islands. Islands may degrade plasma per-
formance or cause its termination. Targeting them with
beams of Radio Frequency (RF) waves, which resonate
at the electron cyclotron frequency, was found to be an
efficient method to heal them in tokamaks.
An example is provided by ASDEX Upgrade, a tokamak
at the Max-Planck Institut für Plasmaphysik in Garching,
Germany [7]. Here a system of mirrors – shown in
Figure 2 – is controlled in real time with a typical response
of 10-20 ms to track the target island and allow launching
in it RF waves.These RF waves are produced by 6 gyro-
trons with a total installed power of 6 MW (with 4 of
them deliverable for up to 10 s). RF-based real-time feed-
back systems have been developed also for TCV [5] and
for the TEXTOR experiment [8], operated in Jülich, Ger-
many under the Trilateral Euregio Cluster. In TEXTOR
the system combines an electron cyclotron emission diag-
nostic for detecting the instability in the same sight line
with a steerable RF antenna. Event-triggered RF wave
injection has also been demonstrated to be a powerful
tool to avoid dangerous disruptions in the FTU tokamak
in Frascati, Italy [9] or to control core instabilities like the
so-called sawtooth (see [10] for a recent review).
If one pushes performance even further, plasma insta-
bilities known as Resistive Wall Modes perturb the
equilibrium magnetic field.These perturbations can be
sensed and used as input signals in a feedback loop,
where the real-time actuators are a set of coils located at
the plasma edge.These coils produce in fact a magnetic
field, which cancels the perturbation. The technique is
rather robust, and allows for running a tokamak plasma
beyond passive stability limits. This was shown, for
example, by the DIII-D tokamak [11], in operation at
General Atomics, San Diego, California, see Figure 3.
DIII-D is equipped with 18 feedback-controlled exter-

nal coils, which have a key role in controlling magnetic
field errors and perturbation caused by gross distortion
of the plasma column, eventually leading to very high
values of the plasma thermal content. RWM studies are
conducted also in the NSTX device in Princeton, US. A
new experiment, JT-60SA presently under construc-
tion in Japan under a joint programme between Japan
and EU [12], will be particularly equipped with an
active system to explore operation in high-performance,
passively unstable regimes.

Coils: a robust tool for diverse experiments
Interestingly enough, flexibility in present devices is such
that the same kind of coils are used in several tokamaks,
like for example JET, DIII-D, ASDEX Upgrade, MAST

EPN 42/6 43

! FIG. 3: Time evolution of theβparameter (kinetic pressure divided by magnetic pressure, see text),
here expressed with its normalized versionβN, in the DIII-D tokamak, with and without real-time control
of magnetic stability. The dashed blue curve shows the boundary of the passively stable region: when
aβ-value higher than set by the passive stability boundary is reached, an instability called Resistive Wall
Mode may grow and spoil plasma performance. This is shown by the red curve, where no active control
was used. When real-time RWM control is used (solid blue curve) the plasma is actively kept stable and
safely runs with higher performance. (Data taken from ref. [11]). Image courtesy of General Atomics-DIII-D

" FIG. 4:
In RFX-mod 192
saddle coils
(some of them
are shown in
green) cover the
whole plasma
surface and are
each independ-
ently controlled
(image courtesy
of Consorzio RFX)
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RFX-mod operational space

RFX-mod (R = 2, a = 0.459 m) is
equipped with state of the art MHD
control system with 192 independently fed
saddle-coil. It can operate as an RFP with
spontaneous and imposed helical boundary
and low-current circular tokamak with a
wide range in q(a)
In the operational space used to
describe ELM suppression (Kirk et al.
2013)

Plasma Phys. Control. Fusion 55 (2013) 124003 A Kirk et al

Figure 2. Experimentally determined access condition in terms of pedestal collisionality (ν∗
e ) versus pedestal density as a fraction of the

Greenwald density (ne/nGW) for (a) suppression of type I ELMs and (b) type I ELM mitigation.

Figure 3. Time traces of (a) lower divertor Dα , (b) current in I-coil, (c) electron pedestal collisionality and (d) H98y2 confinement scaling
factor for a DIII-D discharge in which type I ELMs are suppressed. The resonant magnetic field perturbation at the q = 11/3 surface
normalized to the toroidal field (bφ) δb11/3/bφ = 3.4 × 10−4. The values of pedestal collisionality and H98y2 expected by ITER are
indicated in (c) and (d) respectively [16].

Q = 10 ITER baseline scenario [16]. An example of such
a discharge is shown in figure 3 in which the RMPs are applied
using two rows of internal off mid-plane coils (I-coils) in a
n = 3 even parity configuration (n being the toroidal mode
number). Above a certain current in the I-coils type I ELMs
are suppressed as long as the edge collisionality is below a
threshold level (ν∗

e < 0.35), if the collisionality is increased
above this level then mitigated type I ELMs return (i.e. the
ELM frequency is higher than in a similar shot with no RMPs)
[15]. Full suppression is achieved in a limited window of
the edge safety parameter (q95). For the ITER similar shape
discharges ELM suppression is typically found for an even
parity configuration of the coils at q95 = 3.5± (0.05−0.225),
where the size of the resonance window depends on the strength

of the perturbation [24]. Outside the resonant window strong
ELM mitigation is observed. ELM suppression was also
achieved using a single row of the I-coils, but this required
higher current per coil [25]. However, suppression was not
obtained with a n = 3 perturbation of similar strength at the
q95 surface from a single-row of external, large aperture coils
on the outer equatorial mid-plane [25].

In spite of several attempts type I ELM suppression at
low ν∗ has not been achieved on any other device. At low
collisionality on ASDEX Upgrade ELM mitigation is observed
but not full suppression [26]. On JET, the type I ELM
frequency in low collisionality (ν∗

e ∼ 0.1) H-mode plasmas
has been increased by a factor of up to 5 when applying static
n = 1 or 2 fields produced by four external mid-plane error
field correction coils (EFCCs) [17, 23].

3
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RFP spontaneous helical plasmas 1/

▶ RFP high current operation
revealed the tendency to develop
an helical core surrounded by an
almost quasi-symmetric boundary
(Lorenzini et al. 2009; Terranova et al.
2010)

▶ Although limited to 1% the helical
ripple modulate the edge electric
field (Vianello et al. 2013)

▶ Er is constant on the helical flux
surface (Spizzo et al. 2014)

▶ Proper phase relation to mode
structure recovered using the
helical angle (Vianello et al. 2013)
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Nucl. Fusion 53 (2013) 073025 N. Vianello et al

Figure 11. (a) Toroidal mode number spectra of the toroidal flow, (b) toroidal flow as a function of the helical angle in the LFS (blue) and
HFS (green) of the torus as detected by the ISIS diagnostic at r/a = 1. The red pentagons show the same quantity as measured by the GPI
diagnostic at r/a = 0.98.

Figure 12. (a) Fluctuations of the radial electric field as a function of the helical angle in the LFS of the torus as detected by the ISIS
diagnostic at r/a = 1. The red symbols show the same quantity as measured by the GPI diagnostic at r/a = 0.98. (b) Radial electric field as
a function of toroidal and poloidal angle in a portion of the torus.

the spatial pattern of the same electric field in the (θ, φ) plane.
This pattern is shown in figure 12(b), where the blue thick line
represents an iso-helical angle, thus proving that a magnetic
perturbation causes a modification of the radial electric field
which assumes constant values on the helical deformed flux
surface.

It is worth noting that a modification of the radial
electric field is generally observed in tokamaks during RMP
application [52, 53]. The observation obtained from RFX-
mod confirms this behaviour, adding at the same time two
important pieces of information: (1) the electric field has the
same symmetry as the magnetic perturbation and (2) there is
a phase shift between δE⃗ and δB⃗, namely, if δB = δB0 sin u,
then Er = Er

0 sin(u + $u) (compare figure 1 with figure 12).
In the RFPs it is already shown that the helical pattern

of the edge radial electric field can be explained in terms
of an ambipolar constraint on electron diffusion [29]. The
measured radial electric field is used to construct an appropriate
potential. Simulations by means of ORBIT have shown that
a proper functional form of the potential can balance the

differential radial diffusion of electrons and ions, caused by
the aforementioned dynamical trap effect of the XP on electron
motion. It is worth noting that the presence of a close fitting
wall, which could intercept magnetic field lines, implies that
equipotential surfaces are not flux surfaces, or equivalently
v · ∇ψ ̸= 0. This is an important point which should be
taken into account also for RMP experiments in tokamaks
close to the separatrix, at the boundary region between closed
and open field lines, above all considering the generally
observed flickering of the separatrix position during RMP
experiments [53].

6.1. Multiple helical regimes in high density discharges

The relation between magnetic perturbation and radial electric
field at the edge has already been considered in the high
density regimes in RFPs [28, 29]. In fact, when the Greenwald-
normalized density approaches n/nG ≈ 1, the RFPs exhibit
a radiative collapse in all aspects similar to the MARFE
phenomenology of tokamaks [54], apart from the symmetry,

9
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RFP spontaneous helical plasmas 2/

▶ Complex edge topology in an RFP.
Combination of ripple induced by a
saturated internal mode
(resembling tokamak snake)
(Chapman et al. 2014b) plus resonance
close to the wall due to toroidal
coupling (resembling RMPs)

▶ Modulation observed for edge
electron pressure, with increasing
values at O-point of the (1, -7)
island (u ≈ π/2) (Scarin et al. 2011)

▶ Microwave reflectometer confirms
that the modulation observed is
essentially due to density
oscillations (De Masi et al. 2011)
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RFP low current helical boundary

▶ To have detailed localized
information helical plasma at low
current with applied helical
boundary (m, n) = (1, −7)

▶ This allow insertion of the probe
which allows for estimate of
ne, pe, vr, vϕ, ω = ∇⊥Vf, J̃∥ =
∇ × b̃/µ0

−0.05
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40

I p 
[M

A]

0.00 0.05 0.10 0.15 0.20
t [s]

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8

~ b1
;¡
7

r
 [m

T]

0
50
100
150
200
250
300
350

Á
1;
¡
7
 [d

eg
re

e]



8/19 N. Vianello 41st EPS Conference, Berlin 2014

RFP low current helical boundary

▶ To have detailed localized
information helical plasma at low
current with applied helical
boundary (m, n) = (1, −7)

▶ This allow insertion of the probe
which allows for estimate of
ne, pe, vr, vϕ, ω = ∇⊥Vf, J̃∥ =
∇ × b̃/µ0 r

B

!"=
 8

8
 m

m

#

7mm 6 m
m

7mm

!r=
 6

 m
m



9/19 N. Vianello 41st EPS Conference, Berlin 2014

Flow around magnetic island
▶ Local measurement from

probe confirm accumulation
of density around π/2

▶ Accumulation can’t be
imputed to particle influx
which peaks in a different
location

▶ 2D evaluation of E × B flow
suggests a process of density
accumulation through a
convective-cell mechanism
(De Masi et al. 2013)

▶ Clear modulation of the
radial electric field

▶ Similar to what observed in
high-density radiative
collapse (Spizzo et al. 2012)
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Figure 5. Top: Hα emissivity (green) and plasma displacement associated to m = 1 modes (red); (middle): m = 0, n = 1 edge island
(black) and plasma flow measured by the gas puffing imaging diagnostic (blue); (bottom): electron density profile. All data are plotted as a
function of the helical angle u(θ, ϕ; t) = mθ − nϕ + ωt .

toroidally localized, develops, ultimately leading to the soft
termination of the plasma current when the density approaches
n/nG = 1. Such localized radiation recalls the MARFE
structures observed in the tokamak and stellarator [46, 47]: as
in MARFEs, exchanging the poloidal and toroidal direction
(at the edge in RFPs the parallel transport is poloidal), the
radiating belts in RFX-mod are related to toroidal asymmetries
in the density. A main difference is that, while in tokamaks
MARFEs end with a discharge disruption, in the RFP they lead
to a soft termination of the plasma current.

It has to be mentioned that density is not the only factor
influencing the m = 0 modes, which are strictly related to
the non-linear coupling with m = 1 modes, as discussed
in [10, 48]. Such non-linear coupling could also be the
main origin of the dependence on the reversal parameter
F = B%(a)/⟨B%⟩, documented in [24] and also in figure 13:
as F approaches 0 from below, the m = 0 mode amplitude
decreases. This justifies why RFX-mod best performance is

usually obtained at a high current and shallow F , since these
regimes favour the development of helical states. Indeed,
plasmas with shallow F are less prone to edge density
accumulation, as can be seen in figure 13: when the F value
is by purpose driven to be slightly positive, the density profile,
initially hollow, tends to peak. This can be used to apply
feeding strategies where particles are puffed into the plasma
just during time phases where F is driven positive, to induce
deeper penetration.

4. PWI and fuel recycling

The edge magnetic topology is not the only factor producing
high densities at the edge. Indeed in RFX-mod the density
profile is largely determined by the high H desorption from
the wall. High values of H retention are associated with the
graphite tiles fully covering the first wall. In addition, a high
input power is applied to sustain the current, especially at

5
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Turbulent flux around an island

▶ Probe is equipped to
provide particle fluxes
calculates as Γes = ⟨ñṽr⟩
with fluctuating velocity
coming from local estimate
of E × B components

▶ Electrostatic particle fluxes
is major contribution to
out flux. It exhibits the
same periodicity
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Fluxes and blobs
▶ Well known (Spolaore et al. 2009;

Vianello et al. 2010) that losses are
strongly influenced by the presence
of blobs/filaments

▶ Plotting the frequency of blobs as
a function of the magnetic
perturbation reveal a periodicity
with the same symmetry

▶ Consistently, fluxes are peaked
where the frequency of the blob
increases

▶ A clear linear relation between
fluxes and blobs confirm
intermittent transport dominates
particle losses

asymmetric dipolar structure may be reasonably imputed
to the surrounding sheared ambient flow. Dipolar structures
hardly survive in a strongly sheared plasma flow, as in
the present case, where one of the poles of a dipolar
vortexlike structure is prograde and the other is adverse
so that one could expect a not-symmetric structure [6,29].
Furthermore the averaging procedure could affect the de-
tailed structure; however, the vorticity pattern confirms
what can be guessed from conditional average imaging
of floating potential shown in Fig. 1, where two main peaks
of opposite sign are clearly visible. Given that the estimate
of vorticity is obtained by simultaneous information com-
ing from a 2D probe array and that it was found that such a
structure travels in the edge region according to the local
average flow, the consistency with the local measurement
of Vf allows the conclusion that Taylor’s hypothesis of
frozen turbulence applies [30].

As already mentioned, an analysis of the coherence
between the local measurements of pressure and magnetic
fluctuations has been performed, providing not-negligible
values of this parameter within the range from 50 to
300 kHz, suggesting a not purely electrostatic nature of
the above described structures [22]. However more precise
information can be provided by a direct estimate of the
current density associated with the electrostatic structures.
The set of magnetic sensors installed into the probe head
allows an estimate of r! B, so that a measurement of the
current density can be obtained by applying the Ampère’s
law. In particular, the field aligned component of current
density, approximately corresponding to the poloidal com-
ponent in the external region of RFPs, can be estimated as
J! ¼ 1

"0
ð@#br $ @rb#Þ.

The result of a conditional average on the measured
parallel current density fluctuations is shown in Fig. 2(b),
where again bursts on pressure fluctuations have been used
as trigger events. The figure shows a clear relation between

the pressure structures and a peak of parallel current den-
sity, confirming the relationship between pressure, current,
and vorticity postulated by [16,31]. The observed current
results in the order of a few kA=m2 and represents a
fraction of a few percent with respect to the total parallel
current.
Given the evidence of a current density parallel to the

main magnetic field, as said before, the balance imposed by
a charge conservation equation requires a transverse cur-
rent J?. In the equivalent circuit of a blob the theoretical
picture foresees an elongated current structure [10,32,33]
due to the low parallel resistivity and to the low ratio
between parallel and transverse perturbation wave vectors.
With the experimental setup described, the radial and
toroidal components of the current density associated
with a single blob can be estimated by neglecting the
parallel derivative (@! & 0). These components correspond
to the transversal current within the experimental uncer-
tainty of an exact probe orientation. The experimental
estimates of Jr and J’ result in at least 1 order of magni-
tude lower than the measured parallel one, supporting the
picture of current structure filaments essentially aligned
along the main magnetic field.
The average value of the parallel current density asso-

ciated with a pressure perturbation has been found to
depend on the $ scale as shown in Fig. 2(c). The scaling
has been calculated still considering the pressure structure
as a trigger event. The current density intensity is found to
scale as a power law up to $ & 6–7 "s and exhibits a peak
around 10 "s. It can be observed that the larger values
correspond to the range of scales typical of the electrostatic
particle flux [34].
In order to extend the investigation of the presence of

such structures to higher plasma current regimes, a GPI
diagnostic is used. Since the GPI does not have any me-
chanical part directly facing the plasma, these measure-
ments can be performed up to the highest plasma current
reached by RFX-mod, namely, about 1.5 MA. The emis-
sion fluctuations measured by this diagnostics depend on
those of electron density and temperature, but if their phase
difference is small [35–37], the spatiotemporal dynamics
of turbulent density fluctuations can be assumed to be
similar to that of the emission fluctuations.
The left panel of Fig. 3 shows the average emission

structure measured by the GPI and the corresponding
structures in the radial and toroidal component of the
magnetic field for a low current plasma discharge (Ip ¼
0:3 MA). The bursts on emitted radiation are selected with
the same statistical method cited above at the same time
scale used in Fig. 2(a). The relation between the coherent
fluctuations detected by the GPI and the cross-field com-
ponents of the magnetic field fluctuations confirms the
result obtained by the probes: the density blobs are asso-
ciated with a magnetic structure, and the circular polariza-
tion in the perpendicular plane shown in the hodogram of
Fig. 3 strengthens the conclusion that the blobs are current-
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FIG. 2 (color online). (a) Pressure and vorticity structures,
(b) parallel current density associated with pressure structures.
Data obtained from conditional average over intermittent bursts
on pressure signal at scale $ ¼ 5 "s. (c) Scaling of Jk peak
associated with pressure perturbation as a function of scale $.
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Figure 3. (a) Electron pressure as a function of time and radial position normalized to ion sound gyroradius ρs. (b) Toroidal magnetic field
as a function of time and toroidal coordinate normalized to ρs. (c) Toroidal magnetic field as a function of time and poloidal angle.
(d) Poloidal distribution of the toroidal magnetic field perturbation in the two time instants marked in panel (c).

corresponding drift-frequency ωd with a typical diamagnetic
drift velocity of 10 km s−1 is around 600 krad s−1. To ensure
the drift origin of the observed structure a finite parallel wave
vector k∥ should be determined. The experimental evaluation
of the parallel wave number is rather a complex task as it
requires multiple measurements aligned along the same field
line [30]: this is rather complicated to be performed on a
reversed field pinch high temperature plasmas. The best
approximation we can obtain is shown in figure 3(c) where the
magnetic footprint associated with these structures is examined
using the poloidal distributed array of pick-up coils mounted on
the first wall. Clearly the magnetic perturbation is poloidally
localized and its poloidal extension is shown for two different
time instants in figure 3(d). The structure does not present
any m = 1 or m = 0 periodicity, ruling out the tearing
instabilities which are known to exist in RFPs as a possible
triggering for these filaments: on the contrary it extends up to
300◦ corresponding to a k∥ ≈ 2.6 m−1. This is larger than
what would be predicted from the KAW dispersion relation
which would yield a k∥ ≈ 0.6–0.8, but we emphasize that
although the machine was operating at relative shallow F ,
the poloidal angle does not represent exactly the parallel
one. Moreover we are considering the non-linear structure
formed in the non-linear saturated regime and not a wave-like
structure as done for example in [30]. On the other hand the
finiteness of k∥ cannot be imputed to a projection of k⊥ on the
poloidal direction as the corresponding k⊥ should be greater
than 100 m−1 thus greater than what is experimentally verified.
The non-zero parallel wave vector together with the observed
relation between density and potential makes us confident of
the drift origin of the observed structure.

As a final confirmation of the nature of the observed
structures we perform a direct comparison between vorticity
and parallel current density. In the drift-Alfvén framework
parallel current and parallel vorticity are intrinsically related
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Figure 4. Comparison between parallel current density (solid curve)
and parallel vorticity (dashed curve) for average coherent structure
detected at scale τ = 4 µs.

and almost proportional one to the other [20, 31, 32]. As
aforementioned, the potential measurement arrangement in
the U-probe allows the direct estimate of the vorticity as
ω∥ = (1/B)∇2

⊥Vf and this can be compared with the
parallel component of the current density j̃∥ = ∇2

⊥A∥. This
comparison is shown in figure 4: the patterns of j̃∥ and ω

result from the conditional averaging procedure with the same
condition used for the previous figure. The two quantities
are found to be very well correlated each other. These last
observations together with the drift origin and the Alfvénicity
of the fluctuating velocity clearly identify the drift-kinetic
nature of the intermittent structures observed at the edge of
reversed field pinches at shallow F . These measurements
suggest the necessity of a full electromagnetic characterization
of turbulence at the edge and support the theory of drift-
Alfvén dynamics as a paradigm for the description of the edge

4
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Fluxes and blobs
▶ Well known (Spolaore et al. 2009;

Vianello et al. 2010) that losses are
strongly influenced by the presence
of blobs/filaments

▶ Plotting the frequency of blobs as
a function of the magnetic
perturbation reveal a periodicity
with the same symmetry

▶ Consistently, fluxes are peaked
where the frequency of the blob
increases

▶ A clear linear relation between
fluxes and blobs confirm
intermittent transport dominates
particle losses
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Shear and blob modulation
▶ Blobs with opposite vorticity (∥, ∦ to B0) coexist with different abundance

▶ E × B Shear modulated by the underlying magnetic topology
▶ The modulation of the shear modified the ratio between structures with

opposite vorticity (f = #(ω ∦ B0)/# Total )
▶ Flux reduction does not depend on the absolute value of the shear
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Is this Reversed Field Pinch effects only?
▶ Tokamak discharges performed

dynamically varying the q(a)
through Ip control

▶ MHD control system allows
operation with and a rotation (2,
1) helical perturbation is applied
during the 2 ≲ q(a) < 3 phase

▶ Perturbation is able to produce a
distinct (2, 1) island close to the
edge

▶ Assuming rigid body rotation radial
electric field mapped on the
poloidal cross section

▶ Clearly modulated by the presence
of the mode
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Transport effects
▶ Also edge electron density is

modulated by presence of the mode
▶ Density seems to be reduce where

the electric field becomes more
positive, with abrupt variations
close the separatrix

▶ It seems consistent with the
observation in RFPs

▶ Also fluctuations are strongly
damped in the region between
π ≲ θ ≲ 3π/2

▶ Correspondingly turbulent particle
transport is reduced whereas it
peaks around π
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Transport and blobs
▶ In analogy to what observed in

RFPs, particle losses increases in
the region where the frequency of
the blob increases

▶ In analogy to RFPs the spatial
variation of the shear increases the
number of structure with vorticity
∦ to guiding field. This seems to
increase local transport
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Common physical interpretation

▶ Modification of E × B shear due to the presence of magnetic island close to
the wall confirmed in both RFPs and Tokamak

▶ Variation of the shear modifies intrinsic rotation of blobs and population of
vortices with vorticity parallel and anti-parallel with respect to B0

▶ Both the configuration suggest an enhancement of transport whenever
population of anti-parallel vortices increases
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Conclusion
1. Comparative experiments on the effects of spontaneous and induced

magnetic perturbation performed on RFX-mod operated both as a tokamak
and RFP

2. Both the configuration reveal that all edge properties are modulated, with
region of enhanced density and zone of local depletion

3. 2D flow reveals mechanism of convective transport around edge resonating
magnetic island should be taken into account for interpreting density
perturbation

4. Turbulent eddies are found not homogeneous along the perturbation with
region of enhanced frequency causing increasing of local transport

5. Shear is modulated as well acting on local vorticity of turbulent eddies.
Suggestion of enhanced transport due to different ratio between vortices
parallel/anti-parallel to B0
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3. O. Kudlacek et al., Real time plasma boundary reconstruction in RFX-mod

tokamak discharges, P5.062
4. L. Pigatto et al., MHD control system optimization to RFX-mod real

passive boundary, P5.080
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6. L. Carraro et al., Impurity screening in RFX-mod RFP plasmas, P5.078
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