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CrossMark
Abstract

Stationary 3D equilibria can form in fusion plasmas via saturation of magnetohydrodynamic
(MHD) instabilities or stimulated by external 3D fields. In these cases the current profile

is anomalously broad due to magnetic flux pumping produced by the MHD modes. Flux
pumping plays an important role in hybrid tokamak plasmas, maintaining the minimum safety
factor above unity and thus removing sawteeth. It also enables steady-state hybrid operation,
by redistributing non-inductive current driven near the center by electron cyclotron waves.

A validated flux pumping model is not yet available, but it would be necessary to extrapolate
hybrid operation to future devices. In this work flux pumping physics is investigated for
helical core equilibria stimulated by external 3D fields in DIII-D hybrid plasmas. We show
that flux pumping can be produced in a continuous way by an MHD dynamo emf. The same
effect maintains helical equilibria in reversed-field pinch (RFP) plasmas. The effective

MHD dynamo loop voltage is calculated for experimental 3D equilibrium reconstructions,

by balancing Ohm’s law over helical flux surfaces, and is consistent with the expected
current redistribution. Similar results are also obtained with more sophisticated nonlinear
MHD simulations. The same modelling approach is applied to helical RFP states forming
spontaneously in RFX-mod as the plasma current is raised above 0.8—1 MA. This comparison
allows to identify the underlying physics common to tokamak and RFP: a helical core
displacement modulates parallel current density along flux tubes, which requires a helical
electrostatic potential to build up, giving rise to a helical MHD dynamo flow.

Keywords: 3D equilibrium reconstruction, MHD dynamo, hybrid tokamak scenario,
helical RFP states
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1. Introduction

The confinement and stability properties of fusion plasmas
are determined by various macroscopic quantities, among
which an important role is played by the current density pro-
file. Tailoring its shape with external actuators, for example
neutral beam injection (NBI) and radio-frequency waves, is
thus important to optimize high-performance operational sce-
narios. Broadening the current profile can stabilize deleterious
magnetohydrodynamic (MHD) modes by reducing a source
of free energy or by removing altogether their resonance, if
the safety factor profile is elevated above low-order rational
values, g > m/n, where m and n are the poloidal and toroidal
mode numbers.

The MHD modes themselves can cause significant cur-
rent redistribution. This effect is exploited in tokamaks oper-
ated in the so-called hybrid scenario [1-6]. Benign MHD
modes saturated at modest amplitude redistribute central
current in hybrid plasmas, thus keeping the minimum safety
factor above unity, an effect known as poloidal magnetic flux
pumping [7]. This removes sawteeth and makes in general
n = 1 modes more stable, which allows to increase the nor-
malized plasma pressure, By = BraBr/lp, up to about 3.5,
well above the values typical of H-mode operation, Gy ~ 2
(here a is the minor radius, By the toroidal magnetic field and
Ip the plasma current). Flux pumping is usually produced in
the DIII-D tokamak by 3/2 or 4/3 tearing modes [7], while
ASDEX Upgrade documented a similar effect either from 1/1
fishbones [8] or tearing modes [9].

Flux pumping is also important to enable steady-state
hybrid operation in DIII-D, by efficiently redistributing sig-
nificant amounts of non-inductive current driven by electron
cyclotron waves near the plasma center, where this current
drive method is most efficient [10, 11]. Various theories have
been proposed to explain flux pumping in hybrid tokamak
plasmas, but no validated model exists yet [12—14]. Such a
model would be necessary to understand hybrid operation and
to robustly extrapolate it to future devices like ITER.

In the present work, predictions of the MHD dynamo model
of flux pumping are compared against experiments in DIII-D
hybrid tokamak plasmas and in the RFX-mod reversed-field
pinch (RFP). In both cases a stationary 3D equilibrium forms
through the nonlinear saturation of an MHD mode, in a spon-
taneous way or stimulated by 3D fields externally applied by
non-axisymmetric coils. In DIII-D a helical core equilibrium
with dominant 1/1 harmonic forms stimulated by an external
n = 1 field, due to the response of a kink mode that becomes
marginally-stable at high Gy. Helical core states stimulated
by external 3D fields were also obtained recently in ASDEX
Upgrade [15]. These states share interesting similarities with
the so-called n = 1 Long Lived Mode observed to form in the
MAST spherical tokamak and modelled as a 3D equilibrium
state in [16—18]. The helical state observed in RFPs, called
quasi-single helicity (QSH), forms spontaneously as the
plasma current is increased above 0.8—1 MA and is due to the
saturation of a current-driven m/n = 1/7 kink-tearing mode
[19], though this transition can also be stimulated by external

3D fields [20]. These two examples come from quite different
magnetic configurations, but they share interesting common-
alities, like the presence of a long-lasting helical core equilib-
rium and a possible role of an MHD dynamo in redistributing
central current. These two aspects will be compared along the
paper using similar analysis and modelling approaches.

The MHD dynamo model, largely developed for astro-
physical plasmas [21-23], was applied for the first time in
the fusion context to RFP plasmas [24], where it had several
experimental confirmations [25-28]. Similar dynamo effects
were also investigated in spheromaks [29, 30]. According to
the single-fluid MHD dynamo model, an electromotive force
(emf) is induced by flow and magnetic field fluctuations due
to a turbulent spectrum of MHD modes via the (¥ x b) term
in Ohm’s law, where (...) represents an average over axisym-
metric flux surfaces. When QSH states were observed in
high-current RFP operation, the MHD dynamo produced by
a single saturated mode was modelled with nonlinear MHD
simulations [31-33] and compared with experiment [34, 35].
This allowed to gain significant insight in the basic physics
mechanisms responsible for MHD dynamo in helical states,
which remain valid also in other configurations.

The dynamo model mentioned above was developed based
on nonlinear visco-resistive MHD simulations. They showed
that the MHD dynamo emf in a stationary helical equilibrium
is due to an electrostatic potential, ¢, which forms to bal-
ance the modulation of parallel current density caused by the
helical deformation of the flux surfaces [31-33]. Associated
to this electrostatic potential, a helical flow is present,
¥ = —V x B/B?, which produces a (¥ x b) dynamo emf in
a continuous way. The main results of this analysis are quite
general and hold for any helical equilibrium resulting from
the saturation of an MHD mode, as discussed in [33] (see in
particular paragraph 2.1.1). The role of the dynamo electro-
static potential in the nonlinear saturation of the tearing mode
has been discussed in [36]. The same dynamo effect has been
recently proposed as a possible flux pumping mechanism to
sustain high-3 hybrid tokamak plasmas in [37], also based on
nonlinear MHD simulations.

An interesting aspect of this model is worth being high-
lighted. Previous experimental work showed that in DIII-D
hybrid plasmas flux pumping is mainly produced during
transient events of coupling between the dominant tearing
mode and edge-localized modes (ELMs) [7]. The important
question thus arises whether flux pumping will work in fully
stationary conditions, for example in plasmas with suppressed
or no ELMs, as required in a fusion reactor, or if some tem-
poral variation of the mode amplitude is necessary. The MHD
dynamo model considered here predicts that flux pumping can
work in a stationary way, with no need of transient events, a
very promising feature in view of future tokamak operation.

This paper presents an attempt to validate the MHD dynamo
model of flux pumping against experiments in different magn-
etic configurations. It will be shown in particular that the MHD
dynamo emf can be directly calculated from a reconstruction
of the experimental 3D equilibrium. This was obtained in
RFP and tokamak plasmas using the V3FIT/VMEC code [38]
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Figure 1. Main waveforms of three DIII-D hybrid discharges: (¢) NBI and EC power, (b) normalized plasma pressure, (c) energy
confinement enhancement factor, (d) rms of the 3/2 tearing mode, (e) n = 1 amplitude of the I-coil current, (f) n = 1 plasma response
measured by a toroidal array of B, magnetic probes on the outboard midplane, (g) SXR brightness measured by a central chord, and

(h) rms of the fast rotating 1/1 mode. The black discharge has both a 3/2 mode and a helical core induced by the n = 1 applied field; the
blue discharge has a long flattop with the 3/2 mode suppressed by ECCD and the helical core applied, while the red discharge has the

3/2 mode suppressed and no helical core.

constrained by internal measurements of the helical flux sur-
face distortion. Section 2 presents a calculation of the dynamo
emf for DIII-D hybrid plasmas with a helical core equilibrium
stimulated by external 3D fields. Nonlinear MHD simula-
tions of tokamak plasmas with saturated 1/1 and 2/1 modes
are presented in section 3 and compared with previous similar
work done for helical RFP states. Section 4 reports dynamo
emf calculations for 3D equilibrium reconstructions of helical
RFP plasmas in RFX-mod, which are analogous to those pre-
sented here for the DIII-D tokamak. Conclusions and future
work are discussed in section 5.

2. Flux pumping by a helical core equilibrium
in DIII-D hybrid plasmas

Recent DIII-D experiments investigated the physics of flux
pumping in high-( hybrid plasmas exploiting a special prop-
erty of the plasma response to externally applied n = 1 fields
in this scenario. Due to the central safety factor lying just
above unity, the n = 1 response profile is largely dominated
by the core 1/1 harmonic of a marginally-stable kink mode,
as found in ASDEX Upgrade and reproduced in DIII-D [15].
In other terms, the external n = 1 field stimulates the forma-
tion of a helical core equilibrium, with significant displace-
ments of a few cm. The flux pumping produced by the helical
core has been measured in experiment and compared to pre-
dictions of the MHD dynamo model, as it will be described
in the following. These calculations were largely facilitated

by the availability of a 3D equilibrium reconstruction of the
helical core, recently obtained for the first time in a tokamak
using the V3FIT/VMEC code [39, 40]. This allowed to calcu-
late the MHD dynamo emf directly from the 3D equilibrium
fitted in experiment, without going through more complicated
nonlinear MHD simulations.

The DIII-D experiment is described in detail in figure 1,
which reports three similar hybrid discharges. All cases have
Oy 2.7 feedback controlled by regulating the NBI power,
plasma current /p = 1.2 MA and safety factor at the 95%
magnetic flux surface gos = 4.2. A helical core is induced
during the flattop by applying an n = 1 field slowly-rotating
at 20 Hz with internal non-axisymmetric coils (I-coils). The
n = 1 response measured by poloidal field probes on the out-
board midplane is shown in panel (f) and is quite constant
throughout the flattop. The slow rotation is useful to detect
the helical distortion with multiple diagnostics located at
single toroidal positions. Pre-programmed n = 1 error field
correction using a standard scheme is applied with external
coils (C-coils). The I-coil perturbation causes an increased
request of NBI power of about 20% to maintain By constant.
The energy confinement is slightly degraded, as shown by the
enhancement factor Hog(, ) in panel (c), but these plasmas
maintain in any case good performance and this level of
applied n = 1 field does not cause locked modes.

Flux pumping is typically produced in hybrid plasmas by
a 3/2 tearing mode saturated at modest amplitude. This is also
the case in the present experiment, as shown in panel (d). In
the discharge shown in black, the 3/2 mode co-exists with the
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Figure 2. (a) I-coil current during a period with an n = 1 field applied rotating at 20 Hz in DIII-D discharge 164 661, also shown in
figure 1. ((b)—(d)) SXR signals measured by the three chords marked respectively with black, red and green thick lines in panel (d). Panel
(d) shows the helical flux surfaces reconstructed by the V3FIT/VMEC code at two toroidal angles 180° apart and the SXR chords used to

constrain the 3D equilibrium fit.

externally-induced helical core. To isolate the flux pumping
produced by the helical core alone, the 3/2 mode was sup-
pressed by electron cyclotron current drive (ECCD) applied
at its rational surface in the two discharges shown in red and
blue. ECCD is applied at 3.1 s and the 3/2 amplitude decreases
to almost zero in about 0.5 s. During this phase the n = 1 field
is turned on, starting from 2.8s. In the red case the n = 1 field
is turned off again when the 3/2 is suppressed, while in the
blue case it is kept for the entire flattop. In absence of both the
3/2 mode and the helical core (red case), n = 1 sawtooth-like
activity is observed to come back, as shown by a soft x-ray
(SXR) signal from a central chord in panel (g) and by the rms
of the 1/1 fast rotating mode measured by a Mirnov coil in
panel (k). This probably indicates a loss of hybrid conditions
due to absence of flux pumping, as previously observed in
[42]. On the other hand, no sawteeth are present when the hel-
ical core is induced and the 3/2 is suppressed (blue case). This
indicates that the helical core alone may be able to sustain
hybrid conditions by producing large enough flux pumping.
The level of flux pumping produced by the helical core was
quantified using a technique developed in [43]. This approach
uses several equilibrium reconstructions by the EFIT code
during the entire discharge flattop to quantify the consumption
inside the plasma of poloidal flux provided by external coils.
In a recent work this method was applied to a wide database
of DIII-D hybrid plasmas in different conditions, for example
at different By values, showing that the poloidal flux is dis-
sipated at a larger rate than it is supplied by the coils [44].
This poloidal flux deficit is shown to be proportional to the
amount of flux pumping provided by the tearing mode. The
same method was applied to the discharges of figure 1 and to
other similar cases. Plasmas with an induced helical core and
with the 3/2 mode suppressed have a finite poloidal flux def-
icit, systematically larger than cases without both the helical

core and the 3/2 mode. The poloidal flux deficit corresponds
to an effective loop voltage produced by the helical core that
amounts to about —10 mV. The effective loop voltage is nega-
tive since it limits central current peaking by redistributing
central current to larger radii. Similar values of poloidal flux
deficit are obtained in the same type of hybrid discharges
when the 3/2 mode is present and without the helical core.

A 3D equilibrium reconstruction of the helical core is nec-
essary to calculate the MHD dynamo electric field. Such a
reconstruction was provided by the V3FIT code [38], which
begins with a kinetic EFIT solution and then iterates many
VMEC runs trying to fit internal measurements of the 3D
flux surface distortion. These are provided in the present
experiments by a SXR diagnostic with 12 lines of sight over
a poloidal cross-section and by a multi-channel Motional
Stark Effect (MSE) diagnostic, giving thus information on
both kinetic and magnetic field profiles. Figure 2 shows the
resulting 3D equilibrium fit. A helical core distortion of about
4cm is present, as evidenced by comparing two poloidal cuts
of the helical flux surfaces at two toroidal angles 180° apart,
shown in black and red respectively. The SXR signals meas-
ured by three central lines of sight passing on opposite sides
of the magnetic axis are shown in panels () to (c). A 20 Hz
oscillation in phase with the I-coil current is clearly present in
all signals and is due to the fact that the n = 1 field is rotated
in the toroidal direction. Oscillations in signals from opposite
sides of the magnetic axis are out of phase, due to the domi-
nant m = 1 distortion of the plasma core. More details on this
3D equilibrium fit will be described in a separate paper [40].

Time-dependent nonlinear MHD calculations are neces-
sary to model the MHD dynamo self-consistently including
its dynamics, the possible formation of magnetic islands and
stochastic regions. The present work assumes that the helical
core obtained in DIII-D can be represented by an ideal MHD
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Figure 3. (a) Helical flux surfaces reconstructed by the V3FIT/VMEC code for DIII-D discharge 164 661 at t = 4.307 s, also described in
figures 1 and 2. (b) Contour plot of the dynamo electrostatic potential predicted by balancing Ohm’s law over the helical core equilibrium,
as described in the text, and the associated E x B flow. (¢) The effective dynamo loop voltage calculated by averaging the MHD dynamo
electric field predicted for the helical core over axisymmetric flux surfaces.

3D equilibrium solution, such as the one provided by V3FIT/
VMEC, even though it is important to keep in mind that this
may not be a complete or fully self-consistent description of
the plasma. Starting from this 3D equilibrium solution, the
dynamo field has been calculated by balancing Ohm’s law
over the helical flux surfaces. Under stationary conditions
V x E = 0 and Ohm’s law can be written as follows:

Eloop - V(,D = nneo(j _jCD - jBS) —vxB (1)

= nneojOhm —vxB (2)

where ¢ is the dynamo electrostatic potential, j the total
current density from VMEC, jp the externally driven cur-
rent, which includes in the present experiments NBI and EC
contributions, and jgg the bootstrap current. All these contrib-
utions can be separately calculated with dedicated codes.
For example, in DIII-D the ONETWO transport code [41]
and its modules were used. By projecting Ohm’s law along
the total magnetic field, B, which includes here also helical
perturbations, the following equation can be easily derived:

B- VQO _ B- (Eloop - 77neojOhm)
B-Vé B-Vo

where 6 and ( are respectively the straight-field-line poloidal
and toroidal angles. The only unknown is the electrostatic
potential ¢, while the other terms can be obtained from the
3D equilibrium reconstruction or they can be calculated from
experimental data. Note that equation (3) was originally
derived in [33] and is here generalized to straight-field-line
coordinates. The dynamo potential can be thus obtained by
integrating the above equation over helical flux surfaces. It
is important to note that some approximations are made in
this calculation. In particular, the current driven by NBI and
ECCD and the bootstrap current are modelled by codes in 2D
geometry. They are mapped onto the 3D equilibrium, though
this is not fully self-consistent. The helical core distortion may
cause some level of fast ion transport and it could also modify

= Jpp + q0ce, (3)

the bootstrap current density. An accurate description of these
effects requires significant modelling work with 3D transport
codes that are still being validated in experiment, hence it is
outside the scope of the present work.

Figure 3 shows the result of this calculation for the DIII-D
V3FIT/VMEC helical core equilibrium described above.
The contour plot in panels (a) and (b) represent the dynamo
electrostatic potential . The arrows in panel (b) represent
the associated E x B flow projected onto the poloidal cross
section. A clear dipolar structure of the potential is observed,
which corresponds to the double convective cell structure in
the flow. This structure of the dynamo potential is quite sim-
ilar to what is predicted by nonlinear MHD simulations, as
reported for example in [37] and also found in the simulations
described in next session.

An effective axisymmetric loop voltage can be calcu-
lated from the helical MHD dynamo emf using the following
formula:

Viem = (=Ve - B)/|[B|, (4)

where (---) represents an average over axisymmetric flux sur-
faces, which are obtained from the n = 0 Fourier component
of the VMEC 3D equilibrium. The effective loop voltage
obtained in this way is shown in figure 3(c). It is negative in
the core and positive at larger radii, consistent with current
broadening. The values are consistent with the effective loop
voltage of —10 mV obtained from the measured poloidal flux
deficit in these plasmas. It is interesting to note that the pre-
dicted helical flow is very small with values of a few m s/,
consistent with the small effective loop voltage required in
these plasmas. No diagnostic can measure such low rotation
levels, so this quantity cannot be used to validate the MHD
dynamo theory in experiment. On the other hand, it will be
shown in section 4 that much higher flow values are predicted
in helical RFP states, which allowed such a comparison.

The above results suggest that the MHD dynamo model is
a good candidate to explain flux pumping in hybrid plasmas
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with a helical core. They also show that MHD dynamo can
produce enough flux pumping in a continuous way, with no
need of transient events.

In more standard hybrid plasmas, flux pumping is pro-
duced by a 3/2 tearing mode. Similar calculations of the MHD
dynamo emf produced by the 3/2 mode are possible, though
experimental reconstructions of a 3D equilibrium with a magn-
etic island are not yet available. Nevertheless 3D equilibrium
codes that correctly treat islands and stochastic regions are
available [45] and already used to produce experimental-like
equilibria [46]. In principle, such codes could be interfaced
with V3FIT or similar tools to provide an experimental 3D
equilibrium fit. This would require significant code develop-
ment work and computational resources, but it could repre-
sent an important step to understand flux pumping in hybrid
plasmas and in general the role of the MHD dynamo emf in
the formation of a 3D equilibrium.

The importance of effects beyond single-fluid MHD in
the saturation of helical states was recently studied with the
nonlinear MHD code NIMROD [47, 48]. Such effects were
introduced as first-order finite-Larmor-radius corrections
to the NIMROD fluid model, including two-fluid terms in
Ohm’s law and ion gyroviscosity in the momentum equation.
The study focused on pinch configurations, but similar effects
can be expected in tokamaks. Ion gyroviscosity is found to
significantly affect the saturated mode amplitude in the warm-
ion case relevant to experiment. It is interesting to note that,
once the saturated mode amplitude is given, for example in the
present work it is obtained from experimental data, two-fluid
terms do not enter the calculation of the dynamo electrostatic
potential using Ohm’s law, as shown with an analytic argu-
ment in [33] (see in particular paragraph 2.1.2). This justifies
our approach to calculate the electrostatic potential.

3. Continuous MHD dynamo in nonlinear MHD
simulations of tokamak and RFP helical states

As said above, the role of the dynamo electrostatic potential
was elucidated for the first time by nonlinear MHD simula-
tions of helical RFP states [31-33]. More recently this effect
was discussed for simulations of hybrid-like high-( tokamak
plasmas [37]. Here we present a comparison of nonlinear
MHD simulations of tokamak and RFP helical states using the
visco-resistive nonlinear MHD code SpeCyl [49]. The outputs
of these simulations are analyzed with an approach similar to
that used in experiment, so that experimental and modelling
results can be more directly compared. The aim is to show
that nonlinear MHD simulations make predictions qualita-
tively consistent with experiment and also to discuss similari-
ties between helical states in tokamak and RFP. A quantitative
comparison with experiment is still outside the scope of this
work, due to various simplifications present in the simulations.

Since the aim of this comparison is to highlight the basic
and common physics mechanisms of MHD dynamo, for sim-
plicity the simulations have zero pressure and axisymmetric
flow and are run in cylindrical geometry. The Lundquist
number S = 7x/74 = 10°, where 7 is the resistive diffusion
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Figure 4. Results of a nonlinear MHD simulation by the SpeCyl
code, in which a 1/1 mode saturates into a stationary helical
equilibrium in presence of an external 1/1 field. (@) Helical flux
surfaces (black contour levels) and dynamo electrostatic potential
(color contour) during the 1/1 mode saturated phase. (b) Associated
helical E x B flow (arrows). (c) Parallel dynamo electric field (color
contour). Radial profiles of (d) current density, (e) safety factor
before and after the 1/1 saturation. Panel (f) shows the Ohm’s law
terms for the final helical equilibrium. In all panels the electrostatic
potential and all Ohm’s law terms are normalized to the applied
electric field E.

time and 74 the Alfvén time, and the magnetic Prandtl number
P = 7y/m = 30, where 7y is the viscous time. In the case shown
in figure 4, a 1/1 mode saturates nonlinearly in presence of
an external 1/1 radial field imposed at the boundary. Without
the external field, the 1/1 mode would have a sawtooth-like
dynamics. Panel (a) shows the helical flux surfaces and the
electrostatic potential, which has a dipolar structure that
resembles the one calculated for DIII-D and shown in pre-
vious section. Similarly the flow in panel (b) shows the double
convective cell pattern. The dynamo electric field parallel to
the total magnetic field is shown in panel (c). This has a strong
axisymmetric component, which is negative in the core and
thus tends to limit central current peaking.

The effect of the saturated 1/1 mode on the current density
profile can be better appreciated by averaging this quantity
over axisymmetric flux surfaces before and after the satur-
ation of the 1/1 mode, as shown respectively in black and
red in panel (d). Central current is significantly redistributed
and as a result the central safety factor, shown in panel (e), is
elevated to values very close or even above unity, depending
on the amplitude of the 1/1 helical deformation. This situa-
tion resembles what was found in hybrid tokamak plasmas.
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Figure 5. Same quantities described in figure 4 for a nonlinear
MHD simulation by the SpeCyl code, in which a 2/1 tearing

mode stimulated by an externally applied 2/1 field saturates into a
stationary helical equilibrium. The simulation started from the same
equilibrium used in the simulation of figure 4.

The different terms in Ohm’s law are shown in panel (f) for
the final helical state. The effective dynamo loop voltage is
defined in the same way as for the DIII-D calculations of
previous section and has a qualitatively similar shape.

A second simulation was performed starting from the
same 1D initial equilibrium and forcing a 2/1 tearing mode
to grow and saturate by applying a finite 2/1 radial field at the
boundary. The 2/1 mode would be stable for this particular
equilibrium. A large 2/1 island develops and four convective
cells form, as shown in figure 5. The dynamo effect produced
by the 2/1 mode is evident in the radial profiles in the right
column: the 2/1 mode redistributes current around its rational
surface, but it does not affect current away from it, showing
that the effect is localized where the helical displacements
occurs. In toroidal shaped plasmas multiple harmonics can
couple and the total dynamo effect will include contributions
from all of them, possibly being more global. For example,
the 2/1 mode can have a 1/1 core sideband due to finite (3
and minimum safety factor just above unity. Similarly the
3/2 mode can have a large 2/2 sideband. This may be directly
responsible for the central current redistribution observed in
hybrid plasmas, as suggested also in [12].

A simulation of a helical RFP equilibrium is shown in figure 6
for comparison with the tokamak case. In this case § = 3 x 10*
and P = 300. The helical displacement is here much larger than in
the tokamak simulations and extends to the entire plasma, but the
dynamo effect is qualitatively similar. The parallel electrostatic
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Figure 6. (a) Electrostatic potential, (b) parallel electric field,
(c) flow, and (d) terms in parallel Ohm’s law for a helical RFP
equilibrium resulting from the spontaneous saturation of a 1/8
kink-tearing mode in a SpeCyl nonlinear MHD simulation.

field in panel (D) is also negative in the core and positive outside
it. Inspection of the different terms in parallel Ohm’s law shows
that significant current is redistributed from the core towards the
edge. Similarly to what happens in tokamaks, the dynamo emf
opposes the applied loop voltage in the plasma core, but it also
drives finite parallel current in the edge region, where the par-
allel loop voltage goes to zero. In fact in RFPs, differently than in
tokamaks, the edge parallel current is mostly poloidal and thus it
cannot be driven by external induction.

4. Continuous MHD dynamo in helical RFX-mod
equilibria

The MHD dynamo emf has been calculated for helical
RFP states observed in RFX-mod using the same approach
described in section 2 for the DIII-D helical core. Also in the
RFX-mod case the 3D equilibrium was reconstructed with
V3FIT/VMEC, as described in [50]. Electron temperature
profiles measured by a Thomson scattering diagnostic were
used as internal constraints for the reconstruction.

A typical RFX-mod discharge that exhibits spontaneous
transitions to QSH is described in figure 7. QSH states
occur spontaneously as the plasma current is raised above
0.8—-1 MA, while a broad spectrum of m = 1 tearing modes is
typically present at lower currents. The probability and dura-
tion of QSH states also increases continuously with plasma
current. In the discharge considered here the dominant 1/7
mode has a sawtooth-like dynamics, as shown in panels (d)
and (e), where its edge radial field amplitude is compared to
the average amplitude of the secondary m = 1/n > 7 modes.
But in other cases long-lasting QSH states were also observed.
‘When the 1/7 mode is dominant, a hot helical core is observed
by Thomson scattering, as reported in various papers (see [19]
and references therein). The hot core region corresponds to
a helically distorted electron internal transport barrier, which
can extend radially up to #/a = 0.6 — 0.7.
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Figure 7. (a) Plasma current, (b) core electron density, (¢) core
electron temperature, and ((d) and (e)) relative B, amplitudes of the
dominant 1/7 mode (black) and average amplitude of the secondary
m = 1,n = 8 to 15 modes (red) for an RFP discharge run in
RFX-mod, which exhibits quasi-periodic spontaneous transitions to
a QSH state followed by relaxation events. The vertical dotted line
in panel (e) indicates the time when the helical RFP equilibrium
was reconstructed by the V3FIT/VMEC code.

The helical state corresponding to the dominant 1/7 mode
was reconstructed by V3FIT/VMEC for the discharge of
figure 7 at +=0.115s. The resulting helical flux surfaces
are shown in figure 8(a). The calculation of the electrostatic
dynamo emf for this equilibrium followed the approach
described above for DIII-D. In this case the calculation is
more straightforward, since only Ohmic current drive is
present and the bootstrap current fraction is negligible. The
resulting electrostatic potential is represented by the color
contour plot and has the expected dipolar structure similar to
the DIII-D helical core. The arrows represent also in this case
the associated E x B flow. The flow structure in the poloidal
cross-section was measured in previous experiments, which
found a double convective cell structure quite similar to the
one predicted here [35]. Also the measured helical flow values
of 1-2 km s~ ! match pretty well this calculation.

The effective dynamo loop voltage shown in figure 8(b)
has the expected radial profile, negative in the core and posi-
tive outside it, consistent with the required dynamo action.
The negative central value of —7V is a significant fraction
of the applied loop voltage, which is around 18V in these
plasmas. These values are of course much larger than in the
DIII-D hybrid plasmas, the resistivity being much larger in the

(a) Dynamo potential and flow

0.0 0.2 0.4 0.6 0.8 1.0
ppol

Figure 8. Calculation of the dynamo electrostatic potential for

a 3D equilibrium reconstruction of a helical RFP state by the
V3FIT/VMEC code for the REX-mod discharge shown in figure 7
att = 0.115s. (a) The helical flux surfaces are shown with blue
contours, while the color contour represents the electrostatic
potential and the black arrows the associated E x B helical flow.
(b) Eftective dynamo loop voltage calculated as an average of the
dynamo parallel electric field over axisymmetric flux surfaces, as
defined in equation (4).

RFP case. It is interesting to note that, since the magnetic field
perturbation due to the 1/7 mode is similar to that of the 1/1
helical core in DIII-D, the dynamo helical flow must be larger
to produce a comparably larger effective loop voltage. As a
consequence, the helical flow pattern can be directly measured
in RFX-mod, while the flow expected in DIII-D is too low to
be detected by any available diagnostic, as said in section 2.

5. Conclusions and future work

The present work has investigated the possible role of the
MHD dynamo effect in redistributing the current density pro-
file in fusion plasmas with helical distortions due to different
types of MHD modes. These included both high-3 hybrid
tokamak plasmas with a helical core induced by external
3D fields and high-current RFP plasmas where spontaneous
transitions to helical states occur.
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The main prediction of the MHD dynamo theory for these
plasmas is that the dynamo mechanism can work in a continuous
way in a stationary helical state. This implies that time dependent
modulations of the mode amplitude are not necessary to provide
the required flux pumping, which is quite promising for example
in view of hybrid tokamak operation in a fusion reactor, where
transient events like ELMs should be suppressed.

A new approach to calculate the dynamo electrostatic field
was developed, which was made possible by the recent avail-
ability of experimental reconstructions of the 3D equilibrium
by the V3FIT/VMEC code, both in DIII-D hybrid plasmas
and in RFP helical states. This approach is relatively simple,
though some approximations had to be made related to the
effect of helical distortions on fast ion transport and on the
bootstrap current. These could be avoided by more sophis-
ticated modelling of these effects that may be performed in
future work. Moreover such approximations are not necessary
in RFP plasmas, which offer a quite useful test bed to validate
MHD dynamo theory.

The results obtained in both tokamak and RFP plasmas
are consistent with predictions of the MHD dynamo theory,
though a quantitative validation is still not possible, mainly
due to the above mentioned approximations. More work is
also needed in the tokamak case to extend the MHD dynamo
calculations to the standard situation where a 3/2 tearing mode
provides flux pumping. This should be feasible by coupling
V3FIT with a 3D equilibrium code that can treat magnetic
islands. Such codes are available but coupling them with
V3FIT still needs significant work. Substantial effort is also
being spent to model these plasmas with nonlinear MHD
codes complete enough as to enable quantitative predictions.
This is an ongoing effort and will probably be able to pro-
vide useful results soon. Validating both approaches in present
experiments is important to make robust predictions of MHD
dynamo effects in future fusion machines, an important step
to understand and extrapolate the hybrid tokamak scenario.
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