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Abstract

CrossMark

The phenomenology of reconnection events, associated to relaxations in high-current

(~1.5 MA) plasmas of the reversed-field pinch device RFX-mod, is shown. Each relaxation
event can be described as a series of stages starting in the core and propagating towards the
plasma edge. In an initial stage (trigger), the evolution of the ¢ profile brings resonant layers
closer together, allowing for an interaction of the current sheets associated to tearing modes at
the respective rational values of g. The phase locking of the resonant modes then initiates the
reconnection process that, once started, changes the magnetic topology bringing the initially

helical state to a more chaotic configuration.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Magnetic reconnection is the breaking and reconfiguration of
magnetic field lines embedded in a plasma, on time scales
faster than allowed by microscopic forms of classical dis-
sipation. Through reconnection the plasma relaxes to a state
of lower magnetic energy. Part of the magnetic energy can
be converted to kinetic energy affecting plasma dynamics,
energetics and transport [1]. Energy conversion and topolo-
gical change are highly linked in the definition of reconnec-
tion properties, deeply involved in plasma self-organization
and dynamo processes. Reconnection is a basic phenomenon
that occurs in almost all magnetized plasmas, including fusion
plasmas where sawteeth, tearing modes and related phe-
nomena are commonly found in tokamaks and stellarators
(e.g. [2, 3]). Among the latter, reconnection particularly char-
acterizes the plasma dynamics of the reversed-field pinch
(RFP) [4], which is the topic of this paper. Large RFPs involve
large plasma currents and therefore a large amount of avail-
able magnetic energy. RFPs contain multiple reconnection
sites associated to a variety of resonant tearing modes that
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eventually give rise to a stochastic magnetic field background.
For this reason RFPs are well-suited devices to observe recon-
nection events.

In this paper, the phenomenology of the impulsive and peri-
odic reconnections is analyzed in detail, through an ensemble
average of the data from many reconnection events in high
plasma current discharges (1.5 MA) in the RFX-mod device.
Spatial and temporal scales are invoked as fundamental
observables. A brief description of the RFP and of the exper-
imental set up of RFX—mod completes this introduction. The
experimental characterization of the reconnection events is
given in section 2, where the evolution of the plasma paramet-
ers and magnetic measurements is shown to follow a sequence
of temporally—separated stages. In section 3 a model for mag-
netic topology reconstruction is proposed to follow the onset
and evolution of the reconnection process. Indeed, it will be
shown how a possible trigger can be identified with geomet-
rical properties of the plasma, and especially with the distance
between intense current sheets. Finally, some discussions in
section 4 and a brief summary of main points of the paper in
secion 5 conclude the paper.

© 2020 IAEA, Vienna Printed in the UK
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1.1 RFP equilibria

Contrary to tokamaks and stellarators, in the RFP most of the
magnetic field is produced by currents flowing in the plasma,
so that self-organization plays an important role [5]. The RFP
can be considered as an overdriven tokamak, with reversal of
the toroidal field at the edge. In particular, differently from the
tokamak, where the toroidal field (B,) produced by external
coils is largely dominant over the poloidal field (By) produced
by the plasma current, in the RFP the two magnetic field
components are comparable. The ordering B, (0) > (B,,) ~
Bg(a) > B,(a) holds, being B, (0) its value on the magnetic
axis, a the minor radius of the plasma, and (...) the volume
average. As a result, magnetic field lines are almost toroidal in
the core and poloidal at the edge, and the safety factor has a
spatial profile decreasing from the core outwards, with a core
value ¢(0) < 1. Such a g profile, below the Kruskal-Shafranov
stability criterion, leads to the growth and saturation of several
resonant magnetohydrodynamic (MHD) instabilities and is the
reason why the RFP configuration was considered intrinsic-
ally unstable. Tearing mode instabilities were considered as an
unavoidable ingredient of the dynamo self-organization pro-
cess necessary for the sustainment of the configuration in time,
through the (v x B) term in the resistive Ohm’s law. ¥ and B
are the fluctuating components of fluid velocity and magnetic
field, respectively, and (...) indicates ensemble averaging [5].
The occurrence of several MHD modes resonating on differ-
ent plasma layers gives rise to overlapping magnetic islands,
which result in a chaotic region extending over most of the
plasma volume, where the magnetic surfaces are destroyed
and the confinement level is poor. This condition is generally
dubbed as the multiple-helicity (MH) state [4].

Along with the MH configuration where the dynamo is pro-
duced by the activity of many tearing modes having a more
or less constant saturated amplitude, non-linear MHD simu-
lations predicted that one single mode is in principle enough
to sustain the RFP configuration, through the so—called lam-
inar dynamo (see [6]-[9]). The transition from MH to single
helicity states (SH) is continuous and takes place through a
stage where the plasma shows intermittent occurrences of MH
states from a quasi—single helicity state (QSH), characterized
by a single mode dominating the magnetic spectrum over sec-
ondary modes with low but non—negligible amplitude [10].

Transitions to QSH states have been observed indeed in
all major RFP devices and can be either spontaneous, extern-
ally controlled by the application of magnetic perturbations
with external coils or the result of pulsed poloidal current
drive (PPCD) experiments (see e.g. QSH discover in RFX—
mod [11], MST [12], [13], EXTRAP T2R [14] and TPE [15],
and the overview [16]). Spontaneous QSH states have been
experimentally observed in RFX-mod at high plasma cur-
rent (>1 MA), which seems to play as ruling parameter. In
particular, the high—current experiments (up to 2 MA) per-
formed in RFX-mod have shown robust transitions to QSH,
a state that becomes more persistent and purer as the plasma
current is raised [17]. The dominant mode is experimentally
related to the innermost resonant tearing mode. Below a
certain threshold in the amplitude of the dominant mode, QSH

states feature a well-confined magnetic island with the period-
icity of the dominant mode in the plasma core. These states
are dubbed double axis state (DAX). Above that threshold,
the configuration self-organizes into a new MHD equilib-
rium named SHAX, in which a helical structure without
X-point dominates in the core, thus exhibiting a ‘single helical
axis’ corresponding to the island O—point [18]-[20]. Experi-
mentally, SHAX states exhibit steep core electron temperat-
ure gradients, enclosing thermal structure, even in presence
of non-vanishing secondary modes [21, 22]. Internal trans-
port barriers were shown to be linked to the shape of the
safety factor profile in helical states [23]. QSH states can last
for several energy confinement times, but are only intermit-
tent phases, and frequent back-transitions to MH states are
observed, associated to almost cyclic, spontaneous and dis-
crete rearrangements of the magnetic-field topology (discrete
relaxations events—DREs), similar to what is found in MHD
simulations [10].

Plasma relaxations are associated to toroidal flux genera-
tion, which would otherwise decay on a resistive time scale.
During relaxations the magnetic topology changes with the
conversion of helical flux to toroidal flux through a reconnec-
tion process. The latter is governed by the current density dis-
tribution: the plasma can be thought as electric current circuits
at varius radii interacting among themselves. During recon-
nection a global radial re-arrangement of plasma currents and
the amplification of parallel currents in some precise plasma
region bring on the re-arrangement of the plasma shape itself.
Since the initial phase of the reconnections, a localized helical
kink—like deformation is visible due to the phase-locking of
the resonant tearing modes in the region where many modes
with poloidal number m = 1 have their maxima. Moreover, the
deformation induced by the locking in phase of the toroidally
coupled m =0 modes modifies the plasma radius, shrinking
and enlarging the plasma cross section in the same toroidal
region [24]. Phase—locking of the secondary modes corres-
ponds to toroidally localized burst of MHD activity in Four-
ier space, and produces a toroidally asymmetric region of
enhanced plasma-wall interaction and particle transport [25].
The toroidal angle where the perturbation occurs in subsequent
DRE:s is randomly distributed [17], and corresponds to the
reconnection toroidal starting point [26]. In high plasma cur-
rent discharges, reconnection brings the system from QSH,
where a clear helical deformation of the plasma column can
be seen, to more axi—symmetric MH states; whereas in low
plasma current discharges the magnetic topology remains in
the MH configuration with less abrupt changes. The study
of relaxation events in low—current plasmas, with additional
information from insertable probes, showed the formation of
an edge current sheet aligned with the magnetic field [27]
in agreement with that theoretically found in [4]. On the
other side, back and forth passage from QSH to MH states
at high plasma currents provides a privileged experimental
framework for the observation of reconnection processes. In
the following we define spatial and temporal scales of the
DREs, using the terms DREs or reconnection events almost
indistinctly.
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1.2. RFX-mod and the experimental set up

RFX-mod [28] is a toroidal device with circular shape,
Ry=2m and a=0.459 m (R and a being major and minor
radii, respectively), that can work both as low plasma current
tokamak [29] and as reversed field pinch. In the RFP config-
uration RFX—mod can reach high plasma current levels up to
2 MA, by virtue of its complex real-time feedback control sys-
tem, made of 192 independently fed, saddle coils, fully cov-
ering the machine [30]-[34]. The enhanced control capabil-
ity gave access to the QSH improved confinement regimes in
high current RFP plasmas [35]. The helical periodicity dur-
ing QSH states coincides with the periodicity of the innermost
resonant mode, i.e. the m=1,n="7 in REX-mod. The prin-
cipal secondary modes, that are usually seen to increase first
and with higher amplitudes, are those related to the successive
n=2=,,9,10, ... harmonics.

The determination of the MHD activity is based on a sys-
tem of edge in—vessel coils, which constitute part of the ISIS
(Integrated System of Internal Sensors) diagnostic system,
measuring the time derivative of the three components of the
magnetic field fluctuations at the edge (at r = a), and along the
full toroidal angle [36]. The part of the ISIS diagnostic devoted
to measuring the toroidal magnetic field component B, (a) is
made of 48 probes equally distributed along the toroidal dir-
ection at two different poloidal angles (~70° and ~250°). The
two toroidal arrays, being located at distinct but fixed poloidal
locations, allow for the discrimination of the odd and even pol-
oidal components of the signals (in RFX-mod known to cor-
respond mainly to m =1 and m =0), by evaluating the half—
difference and half-sum of the signals in opposite poloidal
positions, respectively.

An example of a signal deduced after time—integration to
obtain the time behavior of B, (a) is given in figure 1 along
with the time trace of the plasma current /,, for a typical high-
current RFP discharge (#29255). The signal is characterized
by fluctuations at various scales, both in time and amplitude.
The largest ones are associated with a global re-arrangement
of the magnetic field topology. Figure 2 is a color-coded con-
tour plot showing a detail of what happens on the whole set of
48 signals in the selected time interval indicated by the dotted
lines in figure 1. The largest, impulsive, generation of magnetic
fluctuations occurs at a given toroidal angle, due to the locking
in phase of the biggest MHD modes. This can be inferred from
the time traces of two single probes also plotted in figure 2,
which correspond to different toroidal angles: it is seen that the
event around #=0.173 s is more pronounced near = 174",
while the event near ¢ = 0.192 s is more clearly detected by the
probe at ¢ = 46°.

2. Experimental results in high plasma current
discharges

2.1. General features of discrete relaxation events

The re-arrangement of the magnetic topology during the DREs
observed in the RFP plasma leaves its most clear signature

[MA]

[mT]

0.0

Figure 1. Typical high-plasma-current REX-mod discharge
#29255. Top: time trace of the plasma current /,. Bottom: a single
signal from one of the 48 coils of the ISIS toroidal array.

with a “crash” of the reversal parameter (toroidal magnetic
field at the plasma boundary/volume average toroidal field)
F=B,(a)/(B,) time trace, but of course affects other global
electromagnetic quantities of the plasma. The most relevant
ones are reported in figure 3, where the time evolution of
reversal parameter F, plasma internal inductance L, plasma
current /,,, toroidal loop voltage V,, average toroidal magnetic
field (B,) and poloidal loop voltage V), are plotted using the
data coming from the same discharge of figures 1 and 2 during
its flat—top. Vertical bands highlight the features that accom-
pany each major event, which are typical of DREs in high
plasma current discharges at shallow F (F < 0).

As already said, DREs are associated with toroidal flux gen-
eration, and more generally to a re—arrangement of the current
density distribution J in the plasma.

In RFP configuration the paramagnetic structure, which
intensifies the toroidal field toward the plasma center, becomes
the dominant term for the equilibrium and dwarfs the diamag-
netic contribution due to the pressure gradient, which in turn
becomes negligible. Thus, in this context, the experimental
plasmas can be well described using the force free approxim-
ation (J ~ J))).

Using this assumption, the zeroth-order MHD equilibrium
field B can be reconstructed using the method in [37]: the
force free approximation is stated in the MHD force equation
as J x B = 0. This relation implies a proportionality relation
between J and B (or J = AB) and the following form for the
Ampere’s law:
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Figure 2. RFX-mod discharge #29255. Top: contour plot of the
toroidal magnetic field measurements from the 48 ISIS coils along
the toroidal angle ¢, in the time interval indicated by the two dashed
lines in figure 1. Bottom: plot of two single probe signals

corresponding to toroidal locations ¢ ~ 174° (a) and ¢ ~ 46° (b).

V x B = \B. (1

Choosing for A\(r) the parametrization:

A = [1-(£)] @)
a
the experimental equilibrium is recovered by finding the
unique couple of parameters (c, \g) defining the solution of
equation (1) that matches the two bounding values obtained
from the magnetic measurements B, (a)/By(a) and (B).
The common definition of the inductance L (figure 3(b))
used for tokamak configuration [38] cannot be straightfor-
wardly applied to the RFP and deserves some discussion [39].
The RFP has a strongly screwed current distribution. In gen-
eral the value of L depends on the magnetic field self gener-
ated by the plasma B", which can be derived by simply sub-
tracting from the total equilibrium field B, the external field
generated by magnetic coils Beyy, so that B* = By — Bext- The
plasma internal inductance L can be then derived from the self
generated magnetic energy:

B*? 1
w* = V=Ll 3
[ 5t =344 @

For both tokamak and RFPs, Bex = B, (a). In the case of
a tokamak the toroidal field is entirely generated from out-
side and only the poloidal component By is used to calculate

L. In the RFP the toroidal field is mostly self—generated and
becomes an essential part of the definition of L. In the cases
considered in this paper of shallow F' discharges (B, (a) ~ 0),
the MHD equilibrium magnetic field almost coincides with
the self—generated field B* ~ B, [40]. Being L related to the
integral of the magnetic field on a given plasma volume, an
increasing of L corresponds to a peaking of the current density
toward the center, whereas its reduction corresponds to a flat-
tening of the current density profile. Thus even though the cur-
rent densities are not measured directly in the bulk plasma, the
time evolution of the plasma inductance informs about their re-
distribution in the whole plasma volume. Then for a continu-
ous current density profile in computing By (e.g. from equa-
tions (1) and (2)), dL/dz > 0 is associated to a process con-
centrating the currents in the core and dL/d¢ < 0 to a diffusion
towards the plasma edge.

In the absence of internal sources, the toroidal loop voltage
V., (figure 3(d)) is the sum of the ohmic dissipated power
RI, plus the terms coming from Faraday’s law, taking into
account the voltages induced by both the variation of the
total plasma current and the change of L due to the magnetic
reconfiguration:

d/ dL
V,=RI,+L—-2L +1,— 4
! r i Ty “)

The generation of toroidal flux during the relaxation event
creates an electromotive force in the poloidal direction.
Because of the finite impedance of the toroidal field circuits
this translates into a sudden current variation on the toroidal
coils which opposes the toroidal flux generation and appears
in the F trace as a negative spike (the F' ‘crash’, figure 3(a)).
The resulting measured V,, o« —d(B,,) /dt figure 3(e)—(f) come
from the interplay between the field generated by the relaxa-
tion and the response of the toroidal circuit.

It is useful reminding that the RFP parallel current dens-
ity is almost toroidal in the core (J| core ~J,) and poloidal
at the edge (J cqge ~ Jo), due to the reversal of the toroidal
magnetic field. For this reason, the temporal evolution of the
loop voltages may inform on the localization of plasma pro-
cesses that involve a modification of the J| profile: V, detects
processes related to the variation of the toroidal parallel cur-
rent density component, whereas V, sees dynamics character-
ized by strong poloidal current density component and there-
fore toroidal flux generation. If the variation of V; and V,, are
not simultaneous, the localization of core or edge dynamics is
straightforward. However, it is worth noting that we deal with
integral measurements, which do not allow us to distinguish
between generation and redistribution of the currents in the
plasma. Moreover, a net magnetic flux self generation and its
associated generated current would imply an additional term
on equation (4).

In figure 3(g) the relation between DREs and the MHD
mode dynamics is shown: the crash of F is accompanied by
the crash of the dominant mode and the growth of secondary
modes, by which the plasma undergoes a magnetic topology
change, passing from a SHAx to a MH state.
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Figure 3. RFX-mod discharge #29255. Time evolution of: reversal parameter F, plasma inductance L, plasma current /,, toroidal loop
voltage V,, averaged toroidal magnetic field (B, ), poloidal loop voltage V, o« —dB,, /dt and MHD modes. Vertical pink bands indicate the

main DREs.

The features that accompany relaxation events in in high
plasma current and shallow F discharges can be summarized
as follow.

(a) The crash of the edge toroidal field B,, (a) and, correspond-
ingly, F.

(b) The rapid change in the plasma inductance L, with an
increasing phase followed by a decreasing one.

(c) The slight peak in the toroidal plasma current /,,.

(d) The crash in the toroidal loop voltage V.

(e) The sudden increase of the toroidal flux (toroidal field gen-
eration).

(f) The crash in the poloidal loop voltage V.

(g) The crash of the dominant mode and the growth of second-
ary modes.

2.2. Temporal scales of the reconnection event

With the aim of a more general statistical analysis, an aver-
aged synthetic shot has been defined. Such synthetic shot has
been obtained by means of a conditional-averaging process
on the various signals over 30 comparable shots in terms of
plasma current and equilibrium, for a total of 270 reconnec-
tion events, in which both time base and toroidal angle ref-
erence systems have been redefined. In particular, based on
the observation that the reconnection process appears as a tor-
oidally localized event, the new toroidal angle reference sys-
tem is defined as to have ¢ = 180° at the location where, for
each single event, the maximum magnetic field perturbation
occurs as measured by the fast internal ISIS B, probes array

located at §# =250 The time reference for the averaging con-
ditional process is that =0 corresponds to the time at which
the localized magnetic field perturbation is maximum. From a
macroscopic point of view, this is approximately the time cor-
responding to the minimum of F. Shot #29255 in figures 1-3
is part of the ensemble and the variability range, in the whole
ensemble, of some important plasma parameter is summarized
in table 1.

The generation of toroidal flux during the averaged relax-
ation event is illustrated in figure 4 by the change of the
two axisymmetric equilibrium profiles, g (figure 4(a)) and the
parallel current density parameter A = J - B/B? = J /B figure
4(b), before (black) and after (red) the averaged relaxation
event. B is the magnetic field previously also called By, equa-
tions (1) and (2) are solved with Ay = 6.47 +0.02MAm—2T~!
and o =5.1 £ 0.2. Reminding that the RFP current density is
almost toroidal in the core and poloidal at the edge, the differ-
ence between the two A profiles figure 4(c) clearly shows how
the DRE is related to the increase of the almost—poloidal paral-
lel current density near the edge. A representative error bar on
the profile curve in figure 4(c) is indicated by a small vertical
gray line.

Figure 4 shows the global effect of a DRE considering a
large temporal interval around it. A detailed analysis of the
temporal evolution shows how DREs can be described in terms
of a systematic sequence of well separated stages. All meas-
urements share the same timing and support the idea of a relax-
ation process that evolves following the ¢ profile.

Figures 5-8 illustrate the reconnection process for the aver-
aged shot, with the vertical lines indicating the instants chosen



Nucl. Fusion 60 (2020) 056023

B. Momo et al

Table 1. Plasma parameters in the whole ensemble of the averaged discharge.

plasma parameter values plasma parameter values
Electron temperature 7, 850 — 1100 eV Fuel gas species Hydrogen
Ion temperature T 2/3T. Zep® 1.5

Plasma density 7. 0.15 —-0.22 n/ng

Lundquist number S° ~107

2Zep is not measured and its value is assumed as suggested in [41].
The value of the S is computed as in [17], where the Alfven time is calculated using the equilibrium plasma magnetic field.
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Figure 4. Averaged discharge. Axi—symmetric equilibrium profiles
at two time instants, before (black) and after (red) the DRE: (a)
safety factor profile ¢, (b) parallel current density parameter A, (c)
difference between the A profiles before and after the DRE, showing
the parallel current density generated during the reconnection
process. A vertical line at r ~ 0.42 m indicates the reversal surface.
In (a) green crosses show the main resonant surfaces of the m =1
spectrum (7 < n <24) and a blue dot the resonant surface of all the
m =0 modes. In (c) a representative error bar on the profile curve is
indicated by a small vertical gray line.

to define the time sequence of the DRE. The quantities F, L,
1,, Vi, B, and V, are presented in figure 5, and the tearing
mode dynamics in figures 6-8. In figure 5 representative error
bars show the parameter variabilities in the set of discharges of
the averaged shot. The qualitative features shown in the aver-
aged shot are shared by the single discharges of the ensemble.
We have identified the following characteristic times f;, i =
0,...,6, to describe the phenomenology with respect to the
reference time ¢t =0:

a. t=ty~—1.4 ms. Locking of m=1 modes. The abrupt
changes in the MHD dynamics and plasma parameters
described above is preceded by a slowly—evolving hel-
ical SHAx state, during which the global properties of
the plasma show only minor changes. At r=1; a local-
ized m =1 magnetic structure arises through an increas-
ing phase—locking of the whole m =1 spectrum, without
affecting mode amplitudes.

b. t=1t; ~ —1.0 ms. Increase of m =1 modes in the plasma

core. Att) the m = 1, n = 8 harmonic amplitude exceeds its
averaged value measured for 7 < 7y, starting the increase
of the m =1 spectrum which is seen in an intense MHD
dynamics mainly related to m =1 modes resonant in the
core (n=38 — 10). At the same time, a quick descent of
the toroidal loop voltage V, is accompanied by an increase
of the plasma inductance L and of the plasma current /,,,
which is interpreted as a fast amplification of the currents
in the core. We refer to t =1, as the beginning of the fast
stage of the relaxation process, localized in the plasma
core.

c. t=1t,~—0.5 ms. Increase of m=1 modes in the plasma
edge. The plasma inductance is around its maximum
(dL/dt ~ 0) and, in accordance with a current density dif-
fusion towards the edge, the plasma is subject to a rapid
generation of toroidal flux. The MHD spectra are charac-
terized by strong m = 1, n>8 dynamics, with all the sec-
ondary modes now firmly locked in phase. We understand
that the m =1 spectrum is still growing, now involving
edge resonant harmonics (n> 10) where the reconnecting
layer has a strong poloidal component in accordance to the
RFP ¢ profile.

d. t=1t3 ~—0.4 ms. Conversion to m=0 reconnection. At

this time we have a minimum of the toroidal loop voltage
(dV,/dt = 0). The simultaneous quick descent of L is inter-
preted as an equally quick redistribution of the edge (pol-
oidal) current density, indeed occuring together with a
strong toroidal flux generation. In [f;,#3] a clear local-
ized m =0 (mainly n = 1) magnetic structure forms at the
edge and, on the other hand, at #3 the total amplitude of
the m = 1 modes starts a decreasing phase. We argue that
m =0 reconnection (meaning the existence of a poloidal
current sheet) is now taking place at the plasma edge, with
a net energy transfer from m = 1 to m = 0 spectra occuring
where J| | =Jo- This corresponds to the reversal surface,
where all m =0 modes are resonant.

e. t=1t4~—0.2 ms. The m =0 modes reach their maximum
amplitude. This time corresponds to the minimum of the
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Figure 5. Averaged discharge. Time traces of (a) reversal parameter F, (b) plasma current /,, (c) averaged toroidal magnetic field (B,),
(d) plasma inductance L, (e) toroidal loop voltage V, and (f) poloidal loop voltage V), during the DRE. Red lines help in highlighting the
change in the slopes. Vertical lines indicate the #; (i=0, 1,2, 3,4, 5, 6) time instants listed in the text. Short gray bars show the parameter

variabilities of the set of discharges of the averaged shot.

poloidal loop voltage (dV,/dr = 0). There is still a con-
siderable amplification of the edge plasma current density
(formation of a localized poloidal current sheet), and the
m =0 component now reaches its maximum amplitude.

f. t=1t5~ 0 ms. End of the m =0 reconnection stage. At this
time we have the minimum value of F. The amplitude of
the m =0 magnetic structures in the plasma edge starts a
decreasing phase and the plasma features a slower current
density redistribution.

g. t=te~ +0.5 ms. End of the reconnection event. The
m = 0 magnetic component (and associated current sheet)
almost disappears.

The above scheme is summarized in table 2.

As we can see, there is a strict correlation between the
tearing mode dynamics and the global current (re)distribution,
both evolving following the g profile. At the beginning, the
m =1, n> 8 modes lock together, then grow in a cascade-like
fashion for incresing n (in [f1,#;]), with part of their energy
being transferred to the m =0 modes (from #=1#, on). In
the time window [f,%,] (where dL/dz > 0) the reconnection
process concentrates the currents in the core through the action
of the innermost m =1 modes, and a good correlation with
the generation of toroidal current can be seen in figure 5(b).
From t =t,, a flattening of the plasma current density occurs,

with the generation of poloidal current in the edge, where
m =1 harmonics with high n, and the m =0, are resonant.
We remark that, in the RFP, Jy=Jy in the core, and Jy =~
Jo in the edge. The growth of the most internal resonating
m =1 modes—with current sheets mostly developing in the
toroidal direction—is associated to J I generation in the core,
while the subsequent growth of the m = 1, high-n modes and,
later, m =0 modes—with current sheets mainly having pol-
oidal component — is related to J); generation in the edge.
The tearing mode dynamics deserves some more discus-
sion. As we can see in figure 6, the crash of the dominant
mode n = 7 is accompanied by the growth of secondary modes,
figure 6(a). The temporal separation between the growth of the
m =1 and m = 0 modes, the m = 1 spectrum increasing first, is
highlighted by coloured bands in the figure. For more clarity,
the innermost resonant m =1 secondary modes (n =8 — 10)
are plotted separately in figure 6(b): their growth in [t;, ;3] is
followed by a decreasing phase. At ¢ = t,, there is still a strong
m =1 dynamics, but not yet m =0. The interpretation of the
evolution of the m =0 spectrum figure 6(c) is somewhat more
difficult due to the toroidal coupling between the m = 0 and the
m =1 (with same n) modes [42]. In order to distinguish the ori-
gin of the m =0 modes, the m=0,n=1and m=0,n=38§, are
re-plotted in figure 6(d): while the m =0,n =8 mode grows
following the same dynamics as the mode m=1,n=38 due
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Figure 6. Averaged discharge. MHD mode dynamics during the
DRE. (a) m =1 mode spectra, with 1 <n < 24; (b) secondary m =1
modes, with 8 <n < 10; (¢) m =0 mode spectra, with 1 <n <24;
(d) m =0 modes, with n =1 and n = 8. Vertical lines indicate the #;
time instants listed in section 2.2.

to toroidal coupling, the mode m =0,n =1 quickly grows in
[2,13], independently of the m =1 dynamics.

The short time interval [, 23] ~ 0.1 ms corresponds to the
time in which the m =0, low-n structures form. Part of the
energy is transferred from m =1 to m = 0 spectra, as clearly
suggested in figure 7(a), where the total amplitudes of the two
spectra are plotted (total amplitudes are defined as the square
root of the total squared amplitude of the modes with n>0,
for each spectra, excluding the dominant » =7 mode). Indeed,
the growth and decay mode amplitudes have a dynamics that
proceeds following the g profile.

About this dynamics, limited to the m =1 spectrum, we
remark that the increase of the m =1 modes from the inner-
most to the outer ones had already been reported, for indi-
vidual discharges, in [26, 27] (where the authors speak
about energy cascade between the m = 1 modes). In figure 8§,
we show the evolution of the m =1 mode amplitudes (in
logarithmic scale) for each n using data from the averaged
discharge. The propagation towards higher 7 is clearly seen
in [l] , 13].

LYV L S YL ¥ S

m=1 total amplitude (all n # 7)

o
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Figure 7. Averaged discharge. As a function of time: (a) total
amplitude of the m =1 (black) and m = 0 (green) modes—the latter
multiplied by 2 — considering the modes with 1 <n <24, for each
spectrum, excluding the dominant n =7 mode; (b) maximum value
of the locking strength at r = a, for the m =1, n > 8 modes. Vertical
lines indicate the #; time instants listed in section 2.2.
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Figure 8. Averaged discharge. Time evolution of the m =1, n mode
amplitudes of B, (a) (logarithmic scale). Vertical lines indicate the 7;
time instants listed in section 2.2.

As already said, the fast dynamics related to m=1 and
m =0 secondary modes is preceded by a slow stage in which
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Table 2. Summary of the #; time instants listed in section 2.2.

t; (ms) Brief description

1<ty < —1.4ms Trigger of the DRE: approaching of resonant current layers in the plasma core (see section 3.2).
to —1.4 ms Initial slowly evolving stage: phase locking of m = 1 modes.

1 —1.0 ms Beginning of fast evolving stages, with the growth of core resonant m = 1 modes.

t —0.5 ms A poloidal component of J| starts to form, which involves edge resonant 7, = 1 modes.

t3 —0.4 ms The reconnection process involves m = 0 modes, resonant on the reversal surface.

t4 —0.2 ms The m = 0 modes reach their maximum amplitude.

t5 0.0 ms End of the fast stages of the reconnection process.

t6 +0.5 ms The m = 0 modes almost disappears

their several n components start to phase—lock in some pos-
ition. The phase-locking is quantified through the locking
strength o of the m=1 modes with n>8 (8§<n<24 in
figure 7(b)), a parameter ranging from o = 1 when all the con-
sidered secondary modes are in phase in some toroidal posi-
tion, to o = 0 when the phase relation among them is lost [43].
During phase-locking of the modes, the m = 1 displacement of
the plasma column has a toroidal shape similar to an interfer-
ence pattern, with a maximum at an angle ¢;, which is taken as
the definition of the locking position [44]. The locking strength
can be thought as a measure of the dispersion in the distribu-
tion of the phases of the m = 1 perturbation to the radial mag-
netic field,

1
124 (N

nmn—1 m

X Z Z cos(®yj— D),

Jj=n1 k=j+1

a(p)
)

considering N = (n, — n;) harmonics with periodicity @, , =
0 —np + ¢1,,. Where the phases are closely aligned, almost
zeroing the cosine arguments, the function o(¢) has a max-
imum. In figure 7(b) the maximum value of o(y), correspond-
ing to o(ypyp), is plotted in time for n; =8, ny =24. It can be
seen that o monotonically increases in [fy, 7], reaching a sat-
uration value o ~0.9.

Summarizing this section, the m=1 and m=0 mode
dynamics follows the same timing as the mean current redis-
tribution. This allows the interpretation of DREs as a multi-
tude of reconnection events starting in the core as m =1 and
propagating towards the edge, where the process undergoes a
transition to m = 0 reconnection with J = Jg following the g
profile.

3. Magnetic topology evolution and a possible
trigger of reconnection

In the previous section the typical temporal scales of the recon-
nection process have been identified, using edge measure-
ments. Here the important spatial scales that could be at the
origin of the reconnection process are identified studying the
magnetic topology evolution before the onset of the DRE.
We focus now on the reconstruction tecniques of the mag-
netic topology in the whole plasma volume consistently with
experimental boundary conditions, and to the definition of a

helical equilibrium capable of describing SH states prior to
the DRE.

3.1. Representation of the magnetic topology based on
axisymmetry of the equilibrium

The magnetic topology related to tearing instabilities, which
break the axi-symmetry of the equilibrium magnetic field, is
reconstructed in the whole plasma volume using a perturb-
ative approach [42]. Newcomb’s equations, arising from the
force-free balance equation together with Ampere’s law, are
solved consistently with boundary conditions from edge mag-
netic measurements. Both external (with respect to the vacuum
vessel) and internal magnetic measurements from the ISIS coil
system are used for the computation. The solution returns the
radial profile of the complex harmonics of the magnetic fluxes
at a fixed time. Due to the limited set of experimental boundary
conditions, the m =—1, 0, 1, 2 spectra with n < 24 are solvable
in RFX-mod.

The topology of the magnetic field B is explored by
Poincare plots based on Newcomb’s reconstruction and on
the whole MHD spectra [45]. In figure 9, Poincare plots of
B are shown in the r—p plane at § =0, for selected times
in the interval [—2.4,—0.2] ms during the evolution of the
averaged discharge. The arrow in the first panel indicates the
radial range of the reconstructed m = 1 resonant flux surfaces,
between g = 1/7 and g = 1/24. At earlier times, Poincare plots
clearly show the helical magnetic structure dominating in the
plasma core typical of SHAXx states. Before the DRE (for ¢ <
t1), small amplitude secondary modes are responsible for the
non-perfectly conserved flux surfaces inside the helix, for the
stochastic volumes around them and for all the small islands
that appear in the plasma; during the DRE, the increase of their
amplitude (for #>t;) is responsible for the increase in mag-
netic chaos that gradually destroys the helical core. For 1> 1,
the amplitude of the dominant mode drops below the threshold
for the existence of a single helical axis (SHAx states), and an
island chain with the periodicity of the dominant mode can
be recognized in the plasma core (dark blue in the plots). At
t =1, the plasma volume is almost all stochastic and at t =13
just small m=1,n="7 islands are still present in the plasma
core. Note that, due to the Shafranov shift, the magnetic axis
around which magnetic islands develop is located at small but
positive radius. The edge m =0 island chain always separ-
ates the plasma from the wall, and a clear, localized, m =0
structure is visible in the edge region in [t,, #5] (here plotted in
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Figure 9. Averaged discharge. Poincare plots in the (r-p)—plane at § = 0, for times in the interval [—2.4,—0.2] ms. The arrow in the first
panel indicates the radial range of the reconstructed m = 1 resonant flux surfaces, between ¢ = 1/7 and g = 1/24.
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Figure 10. Averaged discharge. Contour plots of J|| in the (r—¢)-plane at 6 = 0, for times [t,13,15] = [-0.5,—0,4, —0.2] ms.

red). The m =1 spectrum is rapidly decreasing with n, being
high-n modes less favorable due to very high distortion of
the magnetic field lines. We therefore expect that the recon-
struction of n > 24 modes would show a larger area of non
perfectly conserved flux surfaces at the edge, bringing mag-
netic chaos more near the m =0 island chain that interrupts
the chaotic toplogy in the reversal region [46], without signi-
ficantly change the results.

Contour plots of the total parallel current density J) are
particularly relevant for the purpose of exploring the mag-
netic topology. A warning is in order before showing the
representation of J) calculated as the curl of the magnetic
field. Very small discontinuities around the resonant surfaces
can be indeed uncovered if the magnetic field from New-
comb’s calculations is visualized in detail. Even though the

representation of B is still accurate enough, this is critical for
the current density because the discontinuities fix the reson-
ant current layers on the resonant flux surfaces defined by the
unperturbed axisymmetric g profile, which is not appropriate
to describe the first helical stages of the reconnection process
(see next section for a more appropriate description of the hel-
ical equilibria, and [47] for a more extensive discussion on
helical spectra). Contour plots of J are anyway presented in
figure 10 for ¢ € [t,,15]. Since the helical deformation is small
at the edge, the reversal surface is well defined even adopt-
ing an axi-symmetric description and the attention may be
posed on the m =0 structures. Note the clear m =0 current
sheet that forms in the plasma in [f;,#3] at ¢ ~m, in agree-
ment with figures 6-8 and the locking position. The dominant
m =1 mode is visible in the plasma core as a current structure
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Figure 11. Averaged discharge. 3D plots of J||, together with the reversal surface (in green), at some instants in the interval
[tZ,tﬁ] = [—0.5,4—0.5} ms.

t=t, would show the corresponding resonant layers for r > 0.35,
~ T - . T - S nevertheless, as discussed for the Poincare plots, edge mag-
netic topology is expected not to change much due to high-n
modes.

A 3D visualization of the total parallel current dens-
ity is proposed in figure 11, for selected times in [f;,t5] =
N = 1 N 71N =" 1 [-0.5,+0.5] ms. The reversal surface, defined as the surface

04 -02 0.0 02 04-04 -02 0.0 02 04-04-02 00 02 04 Where g=0, is shown in green. Attention can be paid to the

R-Rq [m] R-Ro [m] R-Ro [m] time evolution of the helical structure of the dominant mode

in the core and to the localized m =0 current sheet associ-

equilibrium magnetic flux surfaces in the SH approximation. Helical ated to the last sequences of the DRE. As already noted, ﬂ,le
resonant surfaces with the periodicity of the m = 1,n =8 — 10 m =0 current sheet appears mostly as a n = 1 and develops in
harmonics are highlighted in green. At t =3 the flux surface inred  the short [f,,#3] time interval (~0.1 ms). It first gains strength
is the separatrix of the m = 1,n =7 island. A red dot indicates the at the expense of the m =1 modes and then the diffusion of

helical magnetic axis in SHAX states or the island O—point in DAx the current sheet brings to the end the reconnection process
states, which corresponds to the p = 0 coordinate in figure 13. (for 1> 15)
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Figure 12. Averaged discharge. Contour plot at ¢gx = 45° of the

that develops on the m = 1, n =7 axi—symmetric resonant sur-
face. In the intermediate radii, between the innermost resonant
(dominant) mode and the reversal surface, many current dens-
ity structures arise with an nth-periodicity that follows, on the ~ Using Newcomb’s solutions, a new helical equilibrium can be
axisymmetric g-profile, the resonance positions of the m =1 defined to model helical SHAx states prior to the DRE, ori-
spectrum: these structures are the resonant current sheets that  ginating from a single Fourier harmonic (SH approximation).
generate the m = 1 magnetic islands, which are not visible in  Through this approximation that neglects secondary modes, a
the Poincare plots due to their overlapping and the consequent ~ symmetry is recovered in the plasma and the helical flux sur-
magnetic chaos. Moreover, the contours clearly reveal mode faces [48] and the corresponding helical safety factor profile
locking, with all secondary modes in phase at ¢ =, fully [49] can be defined.

developed at f =1, in agreement with figure 7(b). Due to mag- Evolution of the helical flux surfaces. The evolution of the
netic chaos, mode locking is much less visible in Poincaré magnetic equilibrium is followed through the time evolution
plots. No structures in the currents can be seen in the plots for of the magnetic flux surfaces and of the safety factor pro-
r €[0.35,0.42], simply because only m = 1 modesupton =24 file. In the sequence of events of the DRE the magnetic
are reconstructed in RFX—mod, which is resonant at r ~0.35 as  configuration goes from SHAx to MH states, and, corres-
one can see in figure 4. The reconstruction of higher-n modes pondingly, the best equilibrium approximation goes from

3.2. Magnetic topology reconstruction based on a single
dominant mode

1
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the ideal helical symmetry to the ideal RFP axisymmetric
equilibrium.

In figure 12, the contour plot of the magnetic flux surfaces
in the SH approximation at some representative time instants
shows this evolution on a fixed toroidal cross section. The tor-
oidal angle is chosen such that the helical deformation is max-
imum on the equatorial plane at Z =0 (pgx = 45°). It can be
noted that the helical deformation is maximum in the core
region, decreasing outside, where it is relatively small with
respect to the axi—symmetric circular boundary. Referring to
the #; time instants listed in section 2.2 and table 2, SHAX states
are found for ¢ < #, and MH states for > t3; in [f, £3] the mag-
netic configuration passes from a SHAX state, with no separat-
rix and a clear single helical axis indicated by a red dot, to a
DAXx state, where the separatrix flux surface of them=1,n=7
magnetic island can be seen in the core region. The helical axis
in this case corresponds to the island O—point. Then, for ¢ > ¢3,
an axisymmetric description of the equilibrium is more suited
to model MH states. In both cases, during helical or axisym-
metric states, the addition of many MHD modes breaks the
ideal symmetry and their role for the magnetic topology is
illustrated in the Poincare plots (figure 9), where the increasing
magnetic chaos is evident during the DRE.

Evolution of the helical safety factor profile. Using the SH
approximation, the safety factor profile is computed following
a Hamiltonian approach [49]. As we will see in the follow-
ing, the ensuing helical g-profile is not monotonically decreas-
ing with the radius, the region between the helical axis and its
maximum being related with the amplitude of the helical struc-
ture in the core. The innermost helical resonances are related to
the m=1,n=28,9, 10, ... helical harmonics and m = 0 modes
are still resonant on the reversal surface.

Figure 14. Averaged discharge. Top: time evolution of the
maximum amplitude of the dominant mode m =1, n="7. Bottom:
time evolution of the distance between the helical resonances
m=1,n=8andm=1,n=9 (blue) and m=1,n=9 and
m=1,n=10 (orange). Gray color is used for 7>, to remind the
poorer characterization of the MH states using the helical g-profile
instead of the axi-symmetric one.

In figure 13 the evolution of the helical safety factor profile
is used to interpret the evolution of the magnetic configura-
tion, with a special interest in the first stages when the recon-
nection process is being approached and a clear helical sym-
metry is present in the plasma. Helical g profiles are plotted as
a function of the radial coordinate p, defined as the square root
of the normalized helical flux, which is zero on the helical axis
and one on the first wall [48]. Note that only the core region
is reported in the figure. In the left panel the evolution of the
helical configuration is shown for ¢ < #y, which corresponds
to the almost stationary QSH phase that precedes the DRE. In
the right panel the g profile is plotted during the DRE at the #;
time instants. A slow evolution of the helical equilibrium can
be seen for 7 < 1y, with a slight increase of the plasma region
between p =0 and the maximum of the safety factor profile.
Correspondingly, there is a slight enlargement of the helical
structure in the plasma core, as can be inferred also from the
slight increase of amplitude of the dominant mode plotted in
figure 14 (top). The resonant flux surfaces of the innermost
tearing modes, following the slight increase of the dominant
mode, move towards larger radii. In contrast, as indicated by
the arrows in the figure, for #> ¢, the crash of the dominant
mode shrinks the helical structure in the core and brings back-
ward the radial position of the innermost helical resonances.

Consequences on the helical resonances - and the trigger
of the reconnection event. There is a strict relation between
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this evolution and that of the radial distance among the hel-
ical resonant flux surfaces, see figure 14 (bottom) for the three
innermost helical resonances g =1/8, ¢=1/9 and g = 1/10.
The distances are computed on the outboard midplane at Z =0
and ¢ = yrix, where magnetic flux surfaces are closer due to
the helical deformation (see figure 12). During the almost sta-
tionary QSH phase that precedes the DRE (¢ < 1), the m =1
helical resonances, while moving slowly towards larger radii,
approach each other. At t=1, the radial distance between
m = 1 resonances is minimum and the MHD modes start lock-
ing in phase (figure 7). Their radial distance keeps almost
constant until # =t¢;, when the fast stages of the reconnection
process start. During reconnection there is a strong change in
magnetic configuration and the distances between resonances
quickly increase between t = ¢ and ¢ = t3, although their sig-
nificance is blurred by the poorer characterization of the MH
states using the helical g-profile, as indicated by gray color in
the figure.

It is worth emphasizing that the measurements shown in
figures 5-8 do not show any significant variation for ¢ <
to. A significant change can be inferred only after perform-
ing detailed calculations of the initial evolution of equilib-
ria, although consistent with the magnetic measurements. We
conclude that a slight modification of the helical equilibrium
before the DRE (7 < (), which pushes closer together the prin-
cipal resonances in the plasma core and peaks the parallel
current density, may be responsible for the triggering of the
reconnection.

4. Discussion

Developing a common picture of the reconnection events in
laboratory and even astrophysical plasmas could help in under-
standing the physics (and maybe mitigating or even stimu-
lating the effect) of these explosive events. Mentioning for
example [50-52], the trigger, the rate and the energetics prob-
lems are keys in much reconnection research.

In this paper, the trigger of the reconnection has been iden-
tified with topological features, and in particular with the prox-
imity of some reconnection sites that get closer in the plasma
core. The approaching of magnetic islands developing on res-
onant surfaces can end up with magnetic chaos (Chirikov cri-
terion [53]), which is probably the typical background in RFP
reconnections and could also be responsible for their trigger in
the high plasma current discharges discussed here. The rela-
tionship between the tearing-mode current sheets (respons-
ible for the opening of magnetic islands) and the reconnecting
current sheet (responsible for the DRE event) is an interest-
ing point to be explored, maybe in relation with the plas-
moid instability that could characterize the tearing-mode cur-
rent sheets for high values of the Lundquist number (S>10*
or even smaller in a stochastic background) [54].

Different reconnection rates are expected varying the posi-
tion in the (L, S) parameter space (with L the effective plasma
size [55]). Some effort should be done to extend the studies
reported in this paper to different values of the plasma current
(hence S) and the equilibrium parameter F, enriching the phase

diagram of reconnection events with RFX-mod experience.
A scan in the equilibrium reversal parameter F could give
some insight on the presence of different types of reconnection
events, as those observed in the RFP MST experiment [56],
with probably different reconnection rates. Moreover, mag-
netic reconnection may be influenced and determined both by
local plasma dynamics in the reconnection region and global
boundary conditions [57], which in turn may alter the current
density profile. The relation between the DRE dynamics in dis-
charges with and without externally applied magnetic perturb-
ations should be studied as well [58].

An important part of the energetic problem is the appear-
ance of non-thermal energetic particles. Further work is
needed to investigate the relationship between the spatial
distribution of the heating and the spatial location of the
reconnection, as done e.g. in [59]. In RFX-mod2 [60] ded-
icated diagnostics will be available by means of a charge—
exchange recombination spectroscopy system. New dedicated
diagnostics will be available with the aim of determining dur-
ing the reconnection process, with space and high time resolu-
tion, the dynamics of the neutron flux generated by DD fusion
reaction, whose enhancement is sign of ion acceleration and/or
heating [61].

Finally, it is worth recalling that energy transport barriers
related to SHAX states do not last for as long as the magnetic
structure [62], with the crash of the electron temperature gradi-
ent preceding the magnetic one. The relation between thermal
trasport barriers in SHAX states and the position of the hel-
ical resonances has to be further investigated to interpret the
electron temperature dynamics before magnetic reconnection
events, as done in [63] in the case of SHAX state formation.

5. Conclusions

A phenomenological description of global discrete relaxation
events (DRESs) typical of high plasma current discharges in
RFX-mod is the subject of this paper. To this aim, an aver-
aged discharge with reference plasma current of 1.5 MA is
used for the analysis. Roughly speaking, an initial almost sta-
tionary SHAX state, characterized by a helical deformation of
the plasma column, heads for a DRE that destroys this sym-
metry giving rise to a more chaotic MH state with broad MHD
spectrum.

DREs are associated to reconnection events, and spatial and
temporal scales are invoked as fundamental observables. A list
of time instants (table 2) has been defined to describe the tem-
poral sequence of the reconnection process.

t < ty: Before the DRE helical states are considered almost
stationary, with the dominance of the innermost resonant
mode, very low amplitude of secondary modes and elec-
tromagnetic measurements that show an almost stationary
phase. Helical equilibrium reconstructions suggest a pos-
sible trigger of the reconnection process, which has been
associated to a tiny growth of the helical structure, that
brings the main core helical resonances closer together.
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to < t < t1:Itis suggested that the interaction between radially
distributed tearing modes and related current sheets is at
the origin of the reconnection process: when helical reson-
ances reach their minimum distance (at r = ty), it starts the
phase locking of the m =1 modes that aligns all the har-
monics in some position. Reconnection starts there, where
the kink perturbation is maximum.

t>t: A sequence of fast reconnection stages corresponds
then (for #>1#;) to the growth of the secondary m =1 and
m =0 mode amplitudes. The accord between the timings
of the MHD mode dynamics and the current density re—
distribution, suggests the interpretation of a reconnection
process starting in the core as m = 1 reconnections (t =)
and propagating towards the edge (f =t,), where the pro-
cess turns into m = 0 reconnection (¢ = t3) where J = Jj.

The evolution of the magnetic topology has been followed
by means of Poincare plots based on Newcomb’s reconstruc-
tions. Magnetic chaos due to the overlapping of the m=1
magnetic islands complicates the picture of interacting cur-
rent layers, and the trigger of the reconnection could implicate
some degree of magnetic chaos due to the presence of small
amplitude secondary modes even before the DRE—but this is
beyond the scope of this paper.
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