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Abstract

The thesis investigates the process of electron acceleration in magnetized plasmas and its rela-
tion with electrostatic and magnetic turbulence. Electron acceleration is a mechanism observed
both in laboratory and astrophysical plasmas, of whom some examples are the solar wind and
the magnetosphere. The thesis initially offers an overview about the most relevant theoretical
concepts regarding plasmas, magnetohydrodynamics, magnetic reconnection and turbulence,
in addition to information about the devices which collected the data for the analysis, which
are two complementary Reversed Field Pinch toroidal devices: TPE-1RM20, which gathers
data with insertable probes combining magnetic coils and Electron Energy Analyzer (EEA),
and RFX-mod which provides the time evolution of the parallel currents.

The electron acceleration phenomena consist in bursting events which emerge out of the
time series of the signals, and they are likely to be associated with magnetic reconnection.
First of all, the intermittent nature of these events has been confirmed, by verifying the non
self-similar behaviour of the Probability Distribution Function of the magnetic fluctuations.
The events responsible for the deviation from self-similarity have been selected using the Local
Intermittency Measurement method. It is to be mentioned that TPE-1IRM20 is particularly
affected by an intense MHD activity at low frequency which affects the study of the spectrum
in the higher frequency range, whereas RFX-mod is not limited from this point of view. The
statistics have initially focused on the conditional average of single shots of signal which has
provided the average fluctuating structure whose amplitude can be computed in relation to
the scale. Later, the same analysis has been applied to multiple signals. The behaviour of the
fluctuations of the EEA current and parallel current, of the magnetic and electric fields has
been checked at the same instant of time, in order to detect any kind of possible correspon-
dence. Successively, the waiting time distribution has been analyzed, in order to verify if it
satisfied some particular relation with the frequency scale. The final step has been to prove the
existence of a correlation between the minima present in the time trace of the reversal param-
eter indicating reconnection and the detected events. In the end, the proposed link between
electron acceleration and magnetic reconnection is confirmed, as deduced by the associated

magnetic fluctuations, whose shape is consistent with the typical structure of current sheets.
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Chapter 1

Introduction

Humans are struggling to find new methods for energy production, efficient enough to sustain
the current needs and affecting less the environment. Nuclear fusion is a very valuable option,
since it is possible for us to replicate the reactions occurring in stellar interiors in laboratory
plasmas which are magnetically confined. Analogously to what occurs in some astrophysical
systems, also in experiments intermittent bursts of energy have been observed in the past years,
and the cause is not currently completely understood, and it is plausible that it is related to
phenomena involving the magnetic field and particle acceleration. It is a fact that magnetic
fields permeate the universe, from the smaller scales, involving for example the solar corona
or the magnetosphere, till the largest scales of the galactic magnetic fields and interstellar
medium [89]. Such magnetic fields are turbulent and it is possible to study their dynamics
with the Magnetohydrodynamic (MHD) theory. In particular, physical processes occur, like
magnetic reconnection, which change the field lines topology and also cause a conversion of
magnetic energy into thermal energy. So, studying the relation between the burst phenomena
and magnetic reconnection is not only useful for laboratory purposes, but also to understand
key processes involving a wide cut of the universe.

Therefore, this thesis proposes to study the electron acceleration in MHD turbulent plasmas
and see how it is correlated to the magnetic field, focusing on the framework of laboratory
plasmas to later understand more universal physical laws. Simultaneously to the electron
acceleration, precise fluctuations of the magnetic field are expected. Inside Reversed Field
Pinch plasmas, which are toroidal magnetic configurations where the field reverses at the edge,
the magnetic field has a toroidal and poloidal component (see figure , and obeys to a very
specific profile which changes from the core to the boundary region (as paragraph will
explain) and the detection of fast electrons is specifically localized in the edge region, which
hosts the formation of poloidal current sheets, associated to a general increase of toroidal flux,
which is typical for magnetic reconnection. The data analysis is based on these concepts and
intends to provide further evidence of the simultaneous occurrence of these phenomena. To
do so, a first analysis has been carried out on the data obtained with the RFP device TPE-
1RM20 (described in which is able to monitor effectively the electron current thanks to
the Electron Energy Analyzer (EEA), which is also associated to a coil system, and provides
signals in form of time series of various quantities, such as the plasma current, magnetic fields,

electron potential, or reversal parameter (defined in[2.30). Then, the achieved statistical results



have been compared to those obtained out of the signals gathered with a complementary RFP
device, RFX-mod (see §4.1.2), which on its turn is able to measure the parallel currents, and
see how they vary in the same conditions (during reconnection phenomena) as in the case of
TPE-1RM20. The analysis is performed at different temporal scales to verify the influence of
macro and micro instabilities on the signals, and exploits advanced statistical tools as wavelet
transforms, Probability Distribution Functions, Local Intermittency Measurement method, and
waiting times distributions.

However, before starting with the out-and-out data analysis, chapters [2| and [3] follow here-
after with the aim to offer an overview exhaustive enough to build a basis to address all the
topics involved in this work. The overview concerns the MHD theory, magnetic reconnection,
turbulence (also in the MHD framework), and, finally, a dissertation about the diagnostics and

operation of the two devices which gathered the data used in the analysis.



Chapter 2

Preliminary concepts

Nuclear fusion is a process occurring in the interiors of stars, when two positively charged nuclei
come close to each other overcoming their Coulomb repulsion. If they are close enough the at-
tractive strong nuclear force is able to bind them together. This can happen only if their kinetic
energy is high enough, so thermonuclear reactions take place only at high temperatures and
densities at whom the gas becomes ionized, namely in the state known as plasma. Hot plasmas
cannot be contained inside ordinary material, which would be burnt for the very high tem-
perature and density, nevertheless, if the plasma is not kept hot enough, the Brehmsstrahlung
radiation emitted by the collisions between the particles increases, and so does the heat loss.
The fusion process involves the union of two light nuclei which form a heavier one. In
stars the nuclear energy usually is produced by the fusion of four atoms of hydrogen forming

a helium atom. An example is the proton-proton (PP) chain occurring in the Sun
6'HY — "He™ + 2 HY + 2t + 20 + 2y

with the following steps:

1. Two protons fuse and produce a deuterium atom and release an electron positron and

neutrino

2. The deuterium atom reacts with a proton and produces an helium-3 nucleus and a gamma

ray
3. The helium-3 nuclei fuse and produce an « particle (helium-4) and release two photons

Nuclear fusion is an exothermic process and so there is an energy release. This is generated
by the the mass difference between the reactants and the products which corresponds to the
binding energy of the nucleus, and according to the Einstein equation we have the conversion
AEyinding = Amc?. The PP chain, for example, liberates 26 MeV of energy.

The most promising fusion reaction in laboratory is the following [83]:

D +3T - 3He + ¢n (2.1)

where D and T are deuterium and tritium. The reason concerns the cross section, which plays

an important role being directly related to the occurrence of the collisions between the particles



causing the reaction. In the case of the D-T reaction, unlike other reactions such as D-D or
D-He3, the maximum value of the cross section is reached at energies (around 100 keV), which
are feasible on the Earth. The energy release of this reaction is 17.59 MeV. The mixture D-T

fuses at a temperature of ~ 10 keV with the production rate of a particles:

ong,

W = TLDTLT<(TFU> (22)

where n stands for the densities and (o pv) is the fusion reaction rate averaged over the velocity
distribution of the particles.

In order to get a sufficient amount of energy (i.e. the output energy must be larger than
the input energy) the plasma needs to be confined long enough. The necessary condition for
fusion ignition, which is defined as the moment when the power associated to alpha particles

is greater than the energy losses, is given, for example, by the fusion triple product [83]:
nteT > 5-102'm 3 skeV (2.3)

where n is the number density of both the ion and electron particles and 7g is the energy
confinement time. According to the usual values for the temperature (8-18 keV) and density

(102°m—3), this time scale is of the order of 2-6 s.

2.1 Magnetohydrodynamics and plasma theory

In the following paragraphs the principal concepts of plasma theory and physical laws will
be treated, and then the process of magnetic confinement will be discussed, with particular
attention to the Reversed Field Pinch configuration, whose dynamics strongly depend on the

magnetic reconnection.

2.1.1 Fundamental equations and definitions

A plasma is a collection of neutral and charged particles (electrons and ions) characterized by
long range electromagnetic interactions and complex trajectories. Such a ionized gas is globally
neutral and it is described by collective properties. In particular, a plasma can be treated as a
single fluid, and this model is known as single fluid magnetohydrodynamics (MHD), if it can be
assumed that the charge separation is negligible, which happens when considering time scales
larger than the inverse of the plasma frequency and length scales larger than the Debye length
[14]. The plasma frequency corresponds to the frequency of the wave sustained by the electron
fluid (in the case of a uniform homogeneous plasma) as a response to an electromagnetic

perturbation:
4 2
w2 = 2Mno¢ (2.4)

P Mo
with ng being the unperturbed number density of the electron fluid. The Debye length is
the typical distance over which the electrostatic potential induced by the charge imbalance is

screened:
kT

8mne?

Ap = ( )? (2.5)




with n the particle number density and kp the Boltzmann constant. The solution for the

screened potential is:
exp(—r/Ap)
T

¢=Q

where @ is the potential around a charge. Therefore, since in the MHD regime we consider
spatial scales larger than the Debye length, the plasma can be considered charge-neutral because
the charge effect is screened: this is a common situation both in laboratory and astrophysical
plasmas, where the ratio between the mean free path of the particles and the Debye length is
often very large.

The number of particles involved in a simultaneous interaction is nA%,, and the plasma
parameter g can be defined as the inverse of this number:

1 (87)3/2e3n1/2

=— = 2.6
g nAgD (kBT)?)/Q Y ( )

and it indicates the competition between the electrostatic interactions and the thermal motion
of the particles inside the plasma: if g is small enough, the plasma particles can be considered as
non-interacting. Equation shows that in low-density plasmas, g o< n'/2 is low too, namely
the interactions among particles are weak as mentioned above, but the number of particles
interacting collectively n\3, is larger. Conversely, if the density is higher, the plasma can be
treated as an highly conductive fluid, because the interactions are strong, even if there are only
a few particles involved in a simultaneous interaction.

In order to build a single fluid model the following density and velocity are defined:

p =n(m; +me) (2.7
v = TiVit MeVe (2.8)
m; + Me

where the masses and velocities of the ions and electrons are distinguished with a subscript.
Starting from the separated equations of motion for the two types of particles, it can be shown
[14] that the Ohm’s law is obtained:

j:dE+%xB) (2.9)

with o being the electric conductivity equal to the inverse of the electrical resistivity of the
plasma

1/2
ﬂme/ e2

= (kpT)3/?
This simplified version of the generalized Ohm’s law [14] shows how the current density j is
related to the electromagnetic fields.

The MHD equations are the following:

dp

e +V(pv)=0 (2.10)
ov B 1 1 9
a+(v~V)v7Ff;Vp+m(VxB)><B+1/Vv (2.11)



with F being the term containing all the external forces, and v the kinematic viscosity. [2.10]and
[2.17] are respectively the continuity and Navier-Stockes equations. In the latter the magnetic
body force term ﬁ(v x B) x B was added to the hydrodynamic version and it can be seen
[14] that it introduces an isotropic pressure term B?/8m, plus a tension along the magnetic
field lines —B? /47 . In addition to these equations an energy equation is not needed because
compressibility is assumed to be negligible. Finally, we need an equation for the time evolution

of the magnetic field. By combining the Maxwell equation

B
%:_CVXE

and the the induction equation is obtained:

%]j’ — V x (vxB)+AV’B (2.12)

with A = < being the magnetic diffusivity. Starting from this equation and dividing the two

dmo

terms we can define the magnetic Reynolds number

_w

Ry = h\ (2.13)

where L is the length scale of the system, and V the typical velocity. A particular case of the

magnetic Reynolds number is the Lundquist number:

LUA
= — 2.14
s== (2.14)

where vy is the Alfvén velocity [14]
By
VT po

of the typical homonymous perturbations which move along the magnetic field lines (where By

(2.15)

vVaA =

and pg are the unperturbed magnetic field and density).

In the induction equation 2.12] we can distinguish two regimes. When R is low, the
diffusion term AV?B is dominant and it indicates that a magnetic field in a laboratory plasma
decays due to Ohmic dissipation, if not maintained by driving some external currents. However,
at high Rjps the term V x (v x B) in becomes the most important, and it implies that:

d
— B- = 2.1
: /3 dS = 0 (2.16)

which means that in a condition of zero resistivity (so at infinite conductivity), called ideal
MHD limit (typical for astrophysical plasmas, for example), the magnetic field is frozen in the
plasma, i.e. it is forced to move together with the plasma flows: this is called flux freezing.
As a consequence, if a plasma column is bent or twisted, also the magnetic field lines going
through it will be modified in the same way. In particular, if two fluid elements are connected
by a magnetic field line, they will remain connected by the same line.

A plasma column may be subjected to instabilities, either due to an enhancement of the

1

magnetic pressure or an increase of the magnetic stress ;-(V x B) x B. However, if there is

a magnetic field line flowing along the axis of the plasma column, it tends to suppress these
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Figure 2.1: Radial profile of the pressure p, azimuthal component of the mag-
netic field By, and current density j due to the pinch effect. Image credits:
https://images.app.goo.gl/NrngRpjerDCvnb57A

kinds of instabilities acting oppositely to them [14], making the plasma column stable.
An important parameter is the plasma-f8 which corresponds to the ratio between the gas

pressure and the magnetic pressure:

8= Bﬁ;gﬂ (2.17)

Interesting is the case of magnetohydrostatics, where the static version of the is used. In

the particular case of the pressure-balanced field the external forces are negligible, and we have

equilibrium between the pressure and the magnetic stresses:

_ L

Vp= 47

(VxB)xB (2.18)

Let us use the cylindrical coordinates and assume there is symmetry, such that nothing varies

in # and z coordinates, but only in the radial direction r. Since VB = 0 we have:
B = By(r)ép + B.(r)é. (2.19)

Substituting it in [2.18] we obtain:

d, . By® + B.,>  By?

If now we consider a plasma column in which a magnetic field line is produced by driving a
constant current j = j(r)é, along the column axis, no B, component will be produced and it

can be shown [I4] that the azimuthal component of the magnetic field is:

2
By = jr
&

We obtain the following profile for the pressure:

dp 27
o= _072]270 (2.21)
which gives p = pg — ”:Jz, where pg is the pressure at the centre of the column. So it can be

seen that, while By grows linearly with r, the pressure decreases with the radius as an effect

of the magnetic field, known as pinch effect. This is shown in figure there is a radius at



which the pressure goes to zero, and after whom it would acquire a negative value, which is
impossible. That is how the magnetic field is able to confine a plasma column. The value of
the current I necessary for the pinch effect can be computed knowing the average pressure p

and the radius of the plasma column a [I4]:

I2

p=——> 2.22
P = a2 (2:22)
This suggests that a way to keep the plasma confined by the magnetic field consists in the

cylindrical magnetohydrostatic configurations.

2.1.2 Magnetic confinement and RFP plasmas

The magnetic confinement of a plasma is possible thanks to the Lorentz force, which is the
force acting on a charged particle moving in an electromagnetic field. If the particle has mass

m and charge ¢, its equation of motion is:

du u
— =qg(E+—-xB 2.2
m = q(B+ 2 xB) (2:23)

If, in a uniform magnetic field B, the particle moves with perpendicular velocity u; with
respect to the magnetic field, then the equation of motion becomes:

da; ¢
—_— == B 2.24
m 7 CUL X ( )

So, it results that the particle makes circular orbits in the plane perpendicular to B with a

frequency (called cyclotron frequency) equal to

_ ldlB
We = ——
mc
and radius
mu
L = 5
lg| B

called Larmor radius. The magnetic field instead does not affect the parallel component uy,
so that the motion of the particle becomes helical because it is composed also of a uniform
translation.

Particles moving in an open trajectory are not well confined, so that a geometrical configu-
ration with closed lines such as the torus is needed. The geometry of the toroidal configuration,

visible in figure can be properly described by the following coordinates:

1. The major radius R which covers the distance from the origin of the coordinate system

to the centre of the section of the torus

2. The minor radius r from the centre of the section of the torus at r=0 to its boundary at

r=a
3. The poloidal angle 6 for the short loop of the torus section

4. The toroidal angle ¢ with respect to the central axis of the torus



Figure 2.2: Geometry of the toroidal configuration. Image credits: [37]

The aspect ratio is defined as the ratio between the major radius R and the minor radius a.

The Reversed Field Pinch (RFP) is a toroidal axisymmetric configuration in which the
plasma is confined by a poloidal magnetic field created by a toroidal plasma current and
by a toroidal field created internally and externally [89]. These plasmas are in a force-free
magnetic equilibrium with a magnetic field which decreases monotonically with the minor
radius and it reverses its direction at the plasma edge [92]. They are also characterized by
an ongoing dynamdﬂ process which produces the mandatory magnetic field flux needed to
sustain the configuration. This consists in a cyclical relaxation mechanism which allows for
the maintenance of this configuration for a time longer than the resistive diffusion time (see
equation .

In particular, let us first introduce the magnetic helicity: a measure of the "knottedness"
and the "twistedness" of a magnetic field [89], defined as [14]

H = /A~BdV (2.25)

where A is the vector potential (B = Vx A). According to Taylor’s theory of plasma relaxation,
in a low-8 plasma the magnetic helicity is constant during a relaxation process, while the
magnetic energy reaches its minimum value. This can be demonstrated making a Fourier

decomposition of the vector potential
A ! A j 3
(x) = @ (k)exp(ik - x) d°k

and it can be shown [I4] that the magnetic energy spectrum roughly goes as W = k2 A2 (k),
while the spectrum of the magnetic helicity goes as H = kle(k). So the higher wavenumbers
have a larger weight on the magnetic energy. This is valid in case of dissipation, so when short
spatial scales are considered: the resistive diffusion term in[2.12]increases in those regions where

the magnetic field lines approach each other characterized by sharper gradients of the magnetic

1A general definition of the so-called Dynamo process consists in the process which creates and sustains
the large scale structures and magnetic fields of the universe: tiny magnetic fields (produced by statistical
fluctuations of plasmas) give rise to large-scale magnetic structures [14].

10



field (such as current sheets, defined later), and consequently the higher wavenumber modes,
dominant in these narrow regions, are more affected by it. The minimum of the magnetic
energy can be computed in the case of a system in which the magnetic helicity remains a

constant, and the solution [14] is given by:
sw—Lsr=0 (2.26)
8T
with 4~ being the Lagrange multiplier. In order to satisfy this condition, we obtain:
B=uA

whose curl is
V xB=uB (2.27)

with u being a spatial constant along and across magnetic field lines [89]. This is the so-called
linear force-free field case: the gas pressure is negligible with respect to the magnetic pressure
(low B) and, since the magnetic stress cannot be balanced by it, the magnetic field reorganizes
itself in such a way to eliminate this stress by itself.

Let us suppose in a cylindrical column of plasma a current I is driven along the axis. The
current will lead to the production of a magnetic field component along the 6 direction, and,
for the plasma column to be stable, it will be necessary to set up also a magnetic field B along
the axis sending some currents using the external coils. After this perturbation, the plasma
will go through relaxation. The pinch parameter © can be defined [I4]:

21

0= = (2.28)
and it is experimentally proven that at a critical value of © the z component of the magnetic
field B, reverses its direction with respect to the input field (B) one. This is how the RFP
configuration is generated. In the limit of large aspect ratios the cylindrical geometry is a good
approximation for the toroidal geometry, with the coordinate z = R¢, and any generic function
F will satisty [82]:

F(r,0,z) = F(r,0,z + 21 R)

The solution to equation [2:27] is given using the Bessel function model:
Bz = BO Jo(‘LLT)

Bg = BoJl(,uT)
B, =0

and the reversal is satisfied for pa > 2.405. Since the magnetic field is force free, it is completely
characterized by the uniform parallel current density at uniform pressure. In fact, an analytical

expression for the lagrange invariant parameter p is [82]:

i-B oy

h=mTEE =R

11



Figure 2.3: Diagram of a toroidal configuration to visualize the poloidal (red) and toroidal
(blue) direction, described respectively by the angles 6 and ¢. Image credits: By DaveBurke -
Own work, CC BY 2.5, https://commons.wikimedia.org/w/index.php?curid=1169843

In particular, if we define
a

1
<B¢> = ?/ B¢27T7’d’l"
0

© (introduced in equation [2.28) can also be written as

Bg (a)
0= , (2.29)
(Bg)
and another key parameter can be defined, the reversal parameter
By(a)
F= (2.30)
(Bg)
so we obtain [14]:
p— tadolua) _ B(r=a) (2.31)

2 Jy(pa) B

which, practically, corresponds to the ratio between the magnetic field component B, at the

outer edge (r=a) with respect to its average value, while © results to be:
0=— (2.32)

This expression can be obtained also from [2:2§] substituting for 4, and its theoretical critical
value corresponds to 1.2, which is the value beyond which the field reversal is possible. This,
however, is only in partial agreement with the experimental values, both because the radial
profile of u, for example, decreases towards the edge, and there exists a non-zero pressure
gradient which does not allow for a complete force-free configuration [82]. There are some
more precise equilibrium models (such as MPFM [70] or "p& P" [60]) which introduce a
perpendicular component for the current density in order to account for the presence of the
pressure gradient.

The stability of a toroidal configuration is controlled using a parameter called safety factor
127]: Byl

_ I Do\l

Q(T) - R Bg (’I")

~

(2.33)

which corresponds to the number of poloidal turns for a single toroidal turn of field line [82]
(see fig. to visualize the two directions). In the RFP the poloidal and toroidal components

12


https://commons.wikimedia.org/w/index.php?curid=1169843

Figure 2.4: Toroidal confinement of the magnetic field in a RFP plasma. Both the spiral
can be observed changing its polarity at different surfaces, and the magnetic field profile
(toroidal and poloidal component) in the plasma region away from the axis. Image credits:
https://www.igi.cnr.it/en/research/magnetic-confinement-research-in-padova/
rfp-configuration/

of the magnetic field are of comparable magnitude, and the safety factor is characterized by a
precise spatial profile which decreases from the inner (where ¢(0) << 1) to the outer regions
[66]: the magnetic field lines are almost toroidal in the core, and poloidal at the edge. In
fact, they extend only toroidally on the plasma axis, while they extend both toroidally and
poloidally in the core plasma region, away from the axis. Therefore the configuration consists
in a spiral around the axis, which changes its polarity at the radius where the external region
of the plasma begins. This can be better visualized in figure [2:4]

As already mentioned, when a plasma is perturbed the magnetic field line is also bent, and
the plasma reacts elastically to that instability. However, this stabilizing effect vanishes on the
surface where the wavefront of the perturbation is parallel to the magnetic field, which means
for

k-B=0

which in cylindrical coordinates corresponds to:

n

By = 2.34
R¢’O (2.34)

m
— By +
r

where m and n are defined as the poloidal and toroidal wavenumbers. This leads to the

expression: .
ar) =" (2.35)
Two new definitions are now introduced:
1. The rational surfaces are all those surfaces satisfying |g(r)| = =
2. The resonant modes are the instabilities given by an (m,n) pair for which |g(r)| = = is

satisfied

The value of ¢ on axis for a typical discharge in a RFP configuration is smaller than 1: this is

fundamental for the dynamics of the reversal condition because it allows for the destabilization

13
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of all the (m = 1,n > ng) modes, where nyg =~ 2Ry/a is the inner resonant mode [82]. In
particular, the reversal surface is the rational surface where the toroidal magnetic field cancels
out, and it corresponds to the limit which separates the central 'core’ region from the external
one. This surface is unstable to the m = 0 modes. We also define the magnetic shear, another

important parameter which measures the variation of the field-line inclination [5]:

s(r) = — (2.36)

It has a stabilizing effect for the MHD instabilities [27].

The RFP configuration turns out to be very turbulent, since it generates a spectrum char-
acterized by a large amount of MHD modes, and the specific behaviour of the ¢ profile causes
the growth of many MHD instabilities: looking at equation [2.35| it can be seen how the ¢
profile presents a large number of resonant modes, resulting as unstable modes composing a
large spectrum. Nevertheless, the big advantage is that the RFP configuration is able to reach
high values of 8 and plasma current, and consequently the ignition condition can be achieved

thanks to ohmical heating only.

14



2.2 Magnetic Reconnection

Magnetic reconnection is a very widespread process in the Universe, occurring during phe-
nomena concerning both the magnetized astrophysical plasmas, such as the evolution of solar
flares, coronal mass ejection, or interaction of solar winds with the Earth magnetosphere, and
laboratory plasmas: in the example of RFP plasmas it occurs during relaxation processes. In
principle it consists in the rearrangement of the magnetic field lines configuration by reorga-

nizing macroscopic quantities of plasmas like flows and thermal energy [89].

2.2.1 Theoretical description

In the limit of ideal MHD, as already explained previously with equation the magnetic
field is completely frozen in the plasma, and if there are two points which are connected by a
magnetic field line, they will always be. The field lines frozen in the fluid can be considered
as flux tubes of infinitesimal diameter [5]. In these conditions, in addition to the conservation
of the magnetic flux, there is also the conservation of magnetic helicity (defined in , as
explained in paragraph The conservation of both quantities is directly associated with
the conservation of the so-called magnetic topology, which can be defined as the orientation,
linkage and knottedness of the field lines [5]. Basically, magnetic reconnection involves a mod-
ification of the magnetic topology leading to a new equilibrium configuration. The condition

for the conservation of magnetic topology can be expressed in the following way [5]:
0:B +uVB — BVu =0B (2.37)

where B has the dimensions of a velocity, namely the Alfvén velocity va = B//4mp, with p
being the mass density, u(x,t) is the flow which causes the transport of the field, and o is an
arbitrary function of space and time: the evolution of a magnetic field B(x, ) is possible if this

equation is satisfied. It can be shown that it corresponds to the expression:
0B -V x (ux B) =B(c — Vu) (2.38)
where VB = 0 implies:
BV(c —Vu)=0 (2.39)

Now, substituting Faraday’s law 0;B = —cV x E in equation [2.38] we obtain:
E+uxB=S (2.40)

where
V xS =B(¢c—Vu) (2.41)

Therefore, flows v such that Vv = o, i.e. flows satisfying Ohm’s law, also conserve magnetic
topology. Qualitatively, two magnetic configurations are defined as topologically equivalent if
no cutting or pasting of field lines is necessary to pass from one to the other. In particular,
if the two configurations of magnetic field lines are such that one of them can be deformed
through continuous transformations to obtain the other, then these configurations are said

to have the same magnetic topology [14]. Thus, in an ideal magnetofluid (having resistivity
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Figure 2.5: Diagrams showing the formation of a current density sheet (b), starting from a
neutral X-point (@). The current sheet (b) is caused by the local effect of the magnetic field
resistivity. It can be seen that there are magnetic field lines directed in opposite directions
above and below the central region. Image credits: [89].

equal to zero), the magnetic topology can never change, and the fluid evolves through different
successive configurations characterized by the same topology. At low [-values, such a system
is in equilibrium only in the case of the force-free field, defined in [2:27]

Let us introduce the concept of magnetic reconnection starting from the traditional 2D
system [5]: the magnetic field lines can be defined as the contour lines of a flux function v, i.e.

1) = const. This is derived from the condition VB = 0 which implies:
B=hxVy+hf=B,+B; (2.42)

with h a vector in the symmetry direction, and B,,, B; the poloidal and toroidal components
of the magnetic field. Magnetic reconnection is the process whereby the plasma flows across
a surface separating regions of topologically different field lines [79]. Such a surface is called
separatrix, where different lines join in a X-type neutral point. Outside the 2D case though,
no separatrix surface can be identified, because it is not possible to disentangle lines with
different topology. Therefore in 3D case, we refer to such points as those where B = 0,
which are stable and isolated, and divide space into regions of topologically different field lines.
However, reconnection is rarely associated to null points, but rather characterized by sheet-like
structures of current density at finite magnetic field. Therefore, the efficient way is to identify
reconnection as a violation of the conservation of magnetic topology, namely if some points on
a fluid line end up on a different one [68].

As just mentioned above, magnetic reconnection occurs in correspondence of current sheets,
which are sheet-like tangential (i.e. aligned with the magnetic field) field discontinuities. In
presence of finite resistivity (resistive MHD), although very small, further terms in the MHD
equations defined in section §2.1.1] might become relevant: in the Navier-Stockes equation
, the viscosity term »V2v may become important, and the same applies to the induction
equation because the resistivity term AV2B appears. These terms cannot be neglected
when considering a boundary layer characterized by large gradients of both velocity and mag-
netic field, such as currents sheets, where reconnection occurs. In a toroidal plasma column,
they are generated on resonant surfaces (where, as explained in paragraph the safety
factor is a rational number). In figure the formation of a current sheet is shown after
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Figure 2.6: Scheme of the Sweet-Parker sheet. Image credits: [5]

the collapse of the magnetic field near an X-type neutral point (shown in[2.5a). It is to keep in
mind that the initial X-point configuration is not essential, but, if present, the flow stagnates
there with consequent flattening of the configuration and sheet formation [5].

During the thinning of the sheet the growth of the current density saturates because the
magnetic flux transport into the sheet is balanced by field diffusion caused by finite resistivity.
This leads to the formation of the Sweet-Parker sheet [62], a quasi-stationary resistive current
sheet: the magnetic flux is led into the sheet, it is reconnected, and then swept out of the
sheet. This process can be visualized in figure 2.5p: the magnetic field lines above and below
are flowing towards the central region of the current sheet, and the plasma flow is represented
by the big arrows which depict the inward velocity. The central parts of the magnetic field lines
near the central region decay (where resistivity is enhanced), while the external parts constitute
new lines which are accordingly attracted towards the inner region. Furthermore, the plasma
from above and below exerts a pressure against the central region, while consequently the
plasma inside the central region is squeezed out sideways [I4], whose outflow is represented
by the big arrows on the left and on the right in the figure. It is to be emphasized that this
happens in small plasma-{ regime, in which the magnetic pressure has a crucial impact.

The stationary state depends on the (poloidal) magnetic field By immediately outside the
current sheet, the upstream flow ug perpendicular to the field, the downstream flow vy along the
field at the sheet edge, the sheet length A and width d, and the diffusion coefficient (A = %)
This type of configuration can be visualized in figure and it can be shown [5] that the
equation of force balance across the sheet is 0, (p + %BQ) = 0, so that:

L

§B0 = Pmaz — PO (243)

where ppq, 1S maximum pressure in the centre of the sheet (where the poloidal field is zero)
and pg is the upstream fluid pressure. If now the force balance is considered in correspondence
of the mid-plane of the sheet (shown in figure [2.6), B, (so the magnetic force) is negligible
and only the pressure force contributes on the acceleration of the fluid along the sheet. As a
consequence, we have .

2

5% = Pmaz — Po (2.44)

which implies that vy = By, meaning that the downstream flow velocity is equal to the Alfvén

speed. The reconnection rate can be defined using the Mach numbe as My = 5071/27 with Sy

2The Mach number corresponds to My = :—2, with v the Alfvén speed and ug the upstream flow.
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the global Lundquist number (2.14). In other words, the incoming velocity gives an estimate

for the reconnection rate (Sweet-Parker reconnection rate) which corresponds to [14]:

VA

VRM

However, it is necessary to say that in the cases where S is very large (for example S ~ 100

/Ui%

in the solar corona), the Sweet-Parker rate actually implies reconnection times much longer
than observed. Therefore, more accurate theories and models for current sheets have been
later developed: some examples are Syrovatskii’s theory [76] which puts together the concept
of sheet singularities and ideal MHD, or Petschek’s model [63] with the aim to explain the
faster timescales observed in space.

The central positive part of a current sheet can be modelled, and its profile results to be a
gaussian or a sech?x function [5]. Its internal structure depends mostly on the flow dynamics.
The stationary Sweet-Parker model of the current sheet assumes that the small region where
the reconnection process is localized has a scale L < A, the system scale. Since the global
system (and so the boundary conditions exerted on the subsystem) changes in a timescale
~ A/va whereas the small region changes in a timescale ~ L/v4, the latter can be considered
stationary. The small region of the current sheet where resistivity is important is the so-called
diffusion region, and it is surrounded by an external region where resistivity is negligible. In the
internal regions (in the case of low-resistivity plasmas), the cutting or pasting of the magnetic
field lines can occur, while outside the magnetic field is still frozen with the plasma, so the

current sheets are the only regions where the magnetic topology is not preserved.

2.2.2 Experimental evidence

Despite the theoretical model illustrated above, it has actually been observed that magnetic
reconnection occurs whenever the magnetic field needs to release the excessive energy which
has been stored [89], rather than simply occurring in correspondence of well localized regions,
like current sheets. More exactly, the process starts with an external force impinging on the
system which recovers a new MHD equilibrium by forming current sheets, driving magnetic
reconnection, and changing topology. During the process, magnetic energy is converted into
kinetic energy causing shocks and viscous dissipation which in turn convert kinetic energy
into radiation and lead to the acceleration and heating of charged particles [89]. The energy
conversion rate from magnetic to thermal energy results to be much larger than expected
from classical dissipation mechanisms. These acceleration processes have been observed both
in astrophysical plasmas and laboratory experiments. From the astrophysical point of view,
magnetic reconnection has been observed with space satellites which provide high resolution
data, and the following is a list of the examples that will be briefly discussed for different types
of plasmas [89):

1. Low 3 plasmas: solar flares, Earth magnetosphere, and magnetospheres of compact ob-

jects;
2. Large § plasmas: the interstellar medium (where actually 5 ~ 1), and accretion disks.

Conversely, laboratory fusion experiments recognize reconnection as self-organization phenom-
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Figure 2.7: Image of a solar flare at 171 A. Credits: apod.nasa.gov

ena of their configuration: the reconnection region is covered by a large number of points which
measure the key plasma parameters [89]. Reconnection evidence will be discussed not only in
RFPs, but also in another type of fusion plasmas: tokamaks.

The first example of an astrophysical plasma in which reconnection has been observed is
the solar corona. The phenomenon is particularly visible when observing solar flares (illus-
trated in figure in the soft X-rays, characterized by very fast timescales of the topology
change of the order of minutes or hours [61] [15]. Magnetic reconnection is thought to be the
source of the coronal heating mechanism, as well as being related to Coronal Mass Ejections
(CMESs) [78], which are large-scale ejections of mass and magnetic flux from the corona to the
interplanetary space [89]. CMEs are likely to be produced after the loss of equilibrium of the
coronal plasma magnetic structures which causes a rapid change of the topology. The ejection
liberates ~ 10*® Wb of flux and 103 kg of plasma [4]. The ejected mass brings along magnetic
field lines in magnetic loops out of the solar surface, and the field lines start reconnecting
in correspondence of an X point. Eventually, the particles channeled by reconnection in the
field lines emit radiation [53]. The evolution of the magnetic arcades has been numerically
simulated with a 2D flux-rope model [46] which demonstrated that the equilibrium changes
state through the formation of a current sheet in the solar atmosphere. In particular, the
proof of particle acceleration processes related to reconnection events is given by the observed
hard X-ray emissions resulting as impulsive flares [89]. The energies involved are in the order
of GeV for the ions, and 100 MeV for the electrons, measured during solar flares [40], and
the resulting spectra present a power-law trend. The estimated total energy related to the
particles can reach 50 percent of the total solar flares energy release, which is likely to be a
signature of the acceleration of non-thermal particles to high energies during reconnection. In
addition, also some Alfvén waves were observed to be energetic enough (speed of 10-25 km/s)
to accelerate the solar wind [I7]: this is associated with the detected presence of plasma jets
from the chromosphere, which is probably heated by small-scale reconnection processes.

Another place where magnetic reconnection is expected to occur is the magnetosphere:
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Figure 2.8: Scheme of the magnetosphere with presence of current sheets where reconnection
occurs. Credits: https://lasp.colorado.edu/mop/

when the solar wind interacts with planetary magnetic fields, current sheets form as antiparallel
field lines meet at the magnetic boundaries, and the magnetic field vanishes at their centre [89].
These current sheets were observed both in the magnetopause and in the magnetotail [79] [36]
(shown in figure , where the Earth dipole field and the solar field interact.

Interesting is the case of the interstellar medium, a highly conductive gas which hosts star
formation and dynamo processes which involve fast magnetic line reconnection mechanisms.
In particular, reconnection might be associated to the process of ambipolar diffusion: when the
ionization factor becomes too low, the magnetic field couples only with charged particles, and
a drift of the neutral particles is generated with respect to the field and charged particles [10].
It is possible that the ambipolar drift in weakly ionized gas conditions is the MHD process
forming thin current sheets characterized by short resistive timescales, and then the fields in
the layer reconnect, given the extremely long ohmic diffusion times of magnetic fields in typical
interstellar medium conditions [93].

Another example is given by the role of magnetic reconnection in accretion disks, charac-
terized by a rapid transport of angular momentum required for the observed accretion rates.
The magnetic field present in the Keplerian flow plays a crucial role in destabilizing magne-
torotational instabilities (MRI), which evolve non-linearly and produce radial flows associated
with highly bent magnetic field lines [28] which eventually reconnect. In particular, it was
confirmed with 3D numerical simulations [25] that magnetic reconnection plays an important
role in accretion disks: it can both saturate the momentum transport, and suppress the MRI.
Furthermore, current layers were proved to form in the narrow regions that separate oppositely
directed magnetic field lines [66]. In these layers, reconnection occurs in conditions of small
magnetic diffusivity.

The last proposed example for astrophysical plasmas is related to magnetospheres of com-
pact objects, i.e. black holes or neutron stars. This is a relativistic and collisionless regime,
where the acceleration of relativistic particles occurs during reconnection events. Compact ob-
jects, such as pulsars, are characterized by extremely strong magnetic fields and fast rotation:
when the magnetic axis is aligned with the rotational axis, a current sheet is formed in the
equatorial plane after the opening of the dipole field caused by the radial outflow [55]. In this
way, in correspondence of the current sheets, electromagnetic energy is converted into kinetic

ultrarelativistic energy resulting as emitted radiation.
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Magnetic reconnection phenomena have also been found in fusion plasma experiments, and,
as already mentioned, reconnection reveals its-self through a rearrangement of the magnetic
field lines. Not only RFP plasmas, but also another kind of plasma, the tokamak, has a toroidal
configuration in the MHD regime. The difference between them is given by how their toroidal
field is produced: if in RFPs it is mostly internally created, in tokamaks it is induced externally
[89]. The study of reconnection in fusion plasmas is crucial, because it has an impact on the
magnetic confinement efficiency.

In tokamaks, a typical phenomenon of magnetic reconnection consists in the Sawtooth
relaxation oscillations: they appear as a periodic repetition of peaking and consecutive sudden
flattening in the profile of the electron temperature [35]. In particular, also in the tokamak
case the safety factor ¢, expressed in [2.33] can be used as a stability parameter. Magnetic
reconnection was observed to cause partial mixing of field lines in the Tokamak Fusion Test
Reactor, and this was revealed by the small changes detected in the ¢ profile [44] which occurred
in a timescale so short that it can be due only to field-line breaking and rearrangement. Similar
variations in the ¢ profile were also measured in other sawtoothing tokamak plasmas [44] [73].

As explained in paragraph §2.1.2] the RFP configuration is characterized by self-organization
processes which lead the plasma towards a state of force-free field equilibrium at minimum en-
ergy and constant helicity. It is during these processes that magnetic reconnection occurs:
magnetic energy is stored during a slow adjustment to an external driving force [89]. Then,
the magnetic field reconnects and a new MHD equilibrium state is reached. In particular,
in the Madison Symmetric Torus (MST), simultaneous reconnection events were detected at
multitude radii (see paragraph . In the RFP the ion heating mechanism was found to be
particularly strong due to such multiple reconnection events, following a large decrease in the
stored magnetic energy which generates a significant magnetic self-organization of the global
plasma [I8]. However, this process is still being investigated.

Magnetic reconnection was studied in many laboratory plasmas, which were conceived for
this purpose. In the Magnetic Reconnection Experiment (MRX) device, for example, reconnec-
tion is driven thanks to its flexible toroidal plasma configuration [88] in MHD regime. During
some experiments in MRX, a typical 2D Sweet-Parker diffusion region profile was observed [88].
The time evolution of the measured flux contours of the reconnecting field is shown in figure
2.9 Moreover, in MRX the heating mechanisms of electrons have been deeply studied, and a
quantitative hypothesis was proposed involving the Hall effect [90], which is the term including
j x B present in the generalized version of the Ohm’s law . The process can be observed
in figure where the motion of the reconnecting field lines into the neutral current sheet
is depicted on the right on the (z,2) plane. In particular, the ions (represented by the blue
lines) approaching the X point become demagnetized and while flowing they gradually change
direction by 90° from the x to the z axis. The electrons (red arrows), instead, follow the mag-
netic field lines until the X point. According to the experimental results, as they flow through
the separatrix regions of the current sheet, the electrons are violently accelerated towards the
X point, probably due to a larger E x B ~ E, /B, velocity due to the decrease of the recon-
nection magnetic field at the origin (B, ~ 0), while the electric field (E,) remains uniform.
After this, the electrons are even further accelerated when they flow along the narrow layers
around the central separatrix. The consequence of this is that a circular net current pattern is

generated in the (z,z) plane by the electron flows which results as an out-of-plane quadrupole
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Figure 2.9: Proof of ongoing magnetic reconnection process in MRX device: the time evolution
of the reconnecting magnetic field is represented by flux contours. The figure shows a 2D
Sweet-Parker model. Credits: [S§].

Figure 2.10: 2D profiles of the electron flow vectors detected by the MRX experiment [90] and
associated numerical simulation (on the left and right respectively) in the region of the current
sheet, where the electron flow (red arrows) and the ion flow (blue lines) are shown. A magnetic
field component arises out-of-plane, and presents a quadrupole profile.
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profile of the magnetic field [89]. Also in other experiments (such as MST [19]) these kinds of
results were observed, and, moreover, the Hall effect was localized in the reconnection layer.
As far as heating mechanisms are concerned, instead, they could be caused by electric potential
drops aligned to the background magnetic field or it could be produced by plasma waves, like
electrostatic waves [57][12][22].

In conclusion, to better understand how magnetic energy is converted into kinetic energy
during reconnection, it is necessary to investigate the relationship between the particle accel-
eration and heating processes with the reconnection rates. In the RFP, reconnection occurs
suddenly and with a very fast speed, and it causes a change of the magnetic field flux over
a short time in a certain region of the plasma. This generates a large electric field along the
magnetic field lines producing the acceleration of the electrons to superthermal energies. In
particular, in both the solar flares and RFP relaxation events, a large amount of high energy
tail electrons has been observed [89]. This topic will be treated in section

2.2.3 RFP framework

Magnetic reconnection determines crucially the dynamics of a RFP plasma, where it is possible
that large current sheets become unstable and generate tearing mode instabilities, which break
the current sheets into magnetic islands [I4]. As already explained in the safety factor
q (equation presents a large number of resonant instabilities, as can be seen in m
Therefore, in RFPs magnetic reconnection occurs as a multitude of simultaneous events in
correspondence of all the rational surfaces where resonant instabilities (indeed present in the
q profile) are triggered at different radii.

Let us enumerate the following kinds of states which describe the different conditions in
which the RFP plasma can be found:

e Multiple-helicity (MH) state: a voluminous chaotic region is generated by the big amount
of MHD modes resonating on different plasma layers which give rise to overlapping mag-
netic islands [7]. In this region the magnetic surfaces are destroyed and the confinement
is not efficient. In this case the dynamo effect is due to the activity of many tearing

modes, which produce the average parallel electrostatic field.

e Quasi-single helicity states (QSH): a single mode dominates the magnetic spectrum over
secondary modes with lower amplitude. It was predicted [8] that in principle one single
mode (single helicity states, SH) is enough to sustain the magnetic field (laminar dynamo
process). This is the transition phase from MH states to SH states and it is characterized
by intermittent occurrences of MH states. This transition can be either spontaneous or
externally induced and was observed in many RFP devices. There are two kinds of QSH

states:

— Double axis state (DAx): When the dominant component of the magnetic field is up
to a few percent of the average magnetic field, there are two O points and two twisted
magnetic axes. In particular, the resonant magnetic surface is torn into a magnetic
island centered around a secondary magnetic axis (indeed, an O point), while the
main magnetic axis is still present and shifted by a certain amount. In addition,
there is also an X point a), poloidally symmetric to the O point, related to the
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Figure 2.11: Magnetic topology change during the transition from DAx state to SHAx state.
The disappearance of the initial small magnetic island, X point and related magnetic axis can
be observed. Credits: [47]

island separatrix [48]. Therefore, in this state a well confined magnetic island can
be observed and it has the periodicity of the dominant mode, which is associated to

the innermost resonant tearing mode [56];

— Single helical axis (SHAx) state: the main magnetic axis, the X point, and the re-
lated separatrix have disappeared [48|, and a helical structure with a single magnetic
axis without X point is observed, which corresponds to the former island O point.
This is an equilibrium configuration reached when the amplitude of the dominant

mode is higher than a determined threshold.

The transition from DAx to SHAx state is shown in figure [2.11

In RFPs the generation of toroidal flux, necessary (as explained previously) to sustain the
configuration against resistive decay, can occur in discrete events [33]: the dynamo reconnection
events or discrete reconnection events (DREs), associated to plasma relaxation. MH states,
and the intermittent transitions towards them in QSH states, are associated to rearrangements
of the magnetic topology during DREs. In particular, the helical flux is converted into toroidal
flux through the reconnection process in this manner: the currents parallel to the magnetic
field are reduced at the centre, where the field lines are mostly toroidal, which means reducing
the poloidal flux, and, at the same time, these parallel currents are amplified at the edge,
where, since the magnetic field is mostly poloidal, the toroidal flux is increased [89]. So, there
is a global rearrangement of the plasma currents and of the plasma shape itself through the
amplification of parallel currents [56].

This rearrangement of magnetic topology can be observed as a ’crash’ in the time trace
of the reversal parameter F' defined in a deeper F indicates the increase (in terms of
absolute value) of the toroidal magnetic field, and therefore the generation of the toroidal flux
related to parallel currents, namely current sheets where reconnection occurs. The F' crash is
also accompanied by the crash of the dominant mode and the growth of the secondary modes.
Thus, at high plasma current discharges, reconnection lets the system pass from a SHAx state
to MH state [50].

Magnetic reconnection is described by a succession of phases. The initial phase is associated
to a helical deformation of the plasma column causing a charge separation which produces a
spatially modulated electrostatic field, so that the main component of the velocity field is given
by an electrostatic drift [92]. The helical deformation is visible after the phase-locking of the

resonant tearing modes in the region where the (m=1) modes reach their maximum. Also the
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Figure 2.12: Results obtained by Momo et al. [56] for the MHD modes dynamics characterizing
the DRE at consecutive time instants. Respectively, the m=1 modes (a,b), and the m=0 modes
(¢c,d) are shown.

(m=0) modes lock in phase and this causes a deformation which modifies the plasma radius
and cross section in the same toroidal region. During this phase, a toroidally localized burst
of MHD activity is observed, which leads to the formation of a region where the interaction
between the plasma and the wall is enhanced (together with the particle transport) [56]. So a
chaotic MH state is reached and the MHD spectrum becomes broader. Let us define ¢y as the
instant of time at which the localized magnetic field perturbation is maximum (corresponding
to the minimum of F'). The temporal sequence of events which characterizes the reconnection
process (or equivalently the DRE) is the following (see figure Eﬁ]:

1. t = tg ~ —1.4 ms: The initial stationary helical SHAx state is perturbed by the phase-

locking of all the m=1 modes.

2. t =11 ~ —1.0 ms: The (m = 1,n = 8 — 10) modes increase and become resonant in the
plasma core, namely the transition to the MH state occurs. The plasma current increases

too. This is the beginning of the fast stage of the relaxation process in the core.

3. t =ty ~ —0.5 ms: There is a rapid generation of the toroidal flux associated to a current
density diffusion towards the edge. The MHD spectra are characterized by (m = 1,n > 8)
modes whose amplitude is increasing, with the phase-locking of all the secondary modes.

Now also edge resonant modes appear in the layer where the poloidal component is strong.

4. t =t3 ~ —0.4 ms: An m = 0 magnetic structure forms at the edge, while the amplitude

of the m=1 modes starts decreasing. Now a poloidal current sheet exists at the edge
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Figure 2.13: Perturbed edge (r/a &~ 0.9) plasma profiles for the electron temperature, density,
pressure, and plasma resistivity during the propagation of the current sheet obtained by Zuin
et al. [92]

(following the ¢ profile), and the so-called "m=0 reconnection" is now happening there,
because the radial fields required to connect field lines at different radii are present [92].
In particular, there is an energy transfer from the m=1 to m=0 spectra in the reversal

surface, where all the m=0 modes are resonant.

5. t = t4 ~ —0.2 ms: While the poloidal current sheet is still forming, the m=0 modes reach

their maximum amplitude.

6. t = t5 ~ 0 ms: The F' parameter reaches its minimum, and the amplitude of the m=0

modes starts decreasing in the edge. This is the end of the reconnection stage.
7. t =tg ~ +0.5ms: The current sheet disappears and also the m=0 magnetic component.

In summary, the DRE involves a multitude of reconnection events starting in the core at m=1,
and later propagating towards the edge. Gradually, a m=0 perturbation (associated to the
poloidal current sheet) moves toroidally and perturbs the edge plasma profiles (shown in figure
, accompanied by a localized force balance between the pressure perturbation (originated
by the current sheet) and the Lorentz force [92]. Magnetic reconnection is probably triggered
by the approaching of the magnetic islands which develop on resonant surfaces and lead to the
magnetic chaos [56].

Multiple helicity states have been observed since the first numerical experiments in RFPs,
related to several single instabilities with poloidal wavenumber m = 1 [58] and a range of
toroidal wavenumbers n, which couple and lead to a core of stochastic magnetic field lines

and drive the formation of m = 0 magnetic islands [69]. Later, the MH state characterized
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by several helical modes interacting together and then locking in phase was observed in the
MST experiment [2]. Further evidence was given by the OHTE experiment in San Diego where
the initial instability in form of a helical perturbation was observed consisting in many helical
phase-locked modes with m = 1 [29]. Again in MST, an intense discrete dynamo activity was
detected, characterized by the coupling of (m=1, n=5-7) modes followed by an (m=0, n=0)
crash which generates toroidal flux and produces a small increase in the plasma current [30].
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2.3 Turbulence

Magnetic reconnection is a turbulent process both in time (intermittent) and space (patchy)
[89]. Turbulence is a state of a fluid characterized by velocities changing randomly in space and
time, and there is not predictive capability. As a consequence, a statistical theory is needed
which analyzes the average properties of turbulence. The quantities, such as the velocity, can
be split into two parts:

v=v+v

where ¥ = £ fOT v(t) dt is an ensemble average, i.e. the mean flow, which can be written as [43]

N—oco N

N
(w(t)) = lim lzu”(t)

with N being the number of locations at which the quantity is measured at the same time, in
order to do an average over different realizations. The fluctuating part is given by v’, namely
the turbulent velocity field. The correlation length of turbulence can be defined as [14]:

v/(x,t) - v/ (x+r,t) (2.45)

where r is a distance. In fact, turbulent structures have a finite extension and can become
uncorrelated: the typical shape of a correlation function is such that the fluctuating quantities
have their maximum when the correlation distance r = 0, and they decrease at r — oo. This
suggests that the dynamical properties of turbulence can be studied at different scales making

a Fourier analysis. In the hypothesis of
e Incompressibility: Vv =0
e Homogeneity: the correlation function [2.45 is independent on x
e Isotropy: the only dependence of [2.45]is on the magnitude of r

we can define the energy spectrum of turbulence E(k,t) writing [42]:

Bt) = julx ux) = [ E(kt) di

which is an integral in the momentum (k) space, with E(t) being the total kinetic energy per
unit mass. The turbulent field can be thought as a composition of different Fourier components,
of whom E(k) is the energy spectrum, which, once integrated, gives the total energy per unit
mass.

If a fluid is kept in isolation, it cannot have an equilibrium distribution because the kinetic
energy decreases with time due to viscous dissipation processes. Therefore, the static equi-
librium needs to be maintained by external means, which is the case of the stationary open
systems where a continuous energy input balances energy dissipation. The turbulent velocity
field can be considered as consisting in many eddies of different spatial scale, and the aforemen-
tioned input energy is a cascade process which transmits the energy from the larger eddies to

the smaller ones. The larger vortices can give rise to the smaller ones: when the separation be-
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tween two fluid points forming a tube randomly increases, according to Kelvin’s theorenﬂ the
vorticity must remain constant, so that the cross section of the vortex tube decreases causing
a stretching of it (at incompressibility conditions).

It is assumed that to each eddy a univocal Reynolds number [v/v is associated, with a
precise size I, typical velocity v, and viscosity v. In particular, the larger vortices are not
subjected to viscous dissipation of energy, so that the Reynolds number results larger for
them. The intermediate eddies are able to transmit the energy, which finally arrives to the
smaller ones, at whose scale the energy is dissipated, balancing the energy input. We can define
the inertial range as the interval between kg and kj,, which are respectively the wavenumbers
at the dissipation scale and at the larger scale. In this interval the Kolmogorov’s law describes

the energy spectrum dependence on the momentum:
E(k) = Ce/3, =5/ (2.46)

with € being the energy transmission rate ¢ ~ Ul—g In particular, according to the theory, in
the inertial range the energy flux through the wavenumber k£ does not depend on k, but rather
corresponds to €, which is a constant and controls the energy flux [82]. Two useful definitions

are:

e the velocity increments:
ov(r,) =v(r+1) —v(r) (2.47)

where the velocity fluctuations dv; are associated to the lifetime of scale [ fluctuations

e the p-order structure function:
Sy(L,t) = ((3u(L,£))7) (2.48)

Later Kolmogorov derived an exact relation ("Four-fifths law" [38]) for the third order longi-
tudinal structure function given in terms of the mean energy dissipation for / lower than the

integral scale [39]. This led to the law for the generic p-order structure function:
S,(1,t) = Cp(el)P/? (2.49)

where (), is a constant which depends only on p. To summarize, a good representation of the
energy spectrum can be seen in figure

Therefore, turbulence consists in an energy transport from large fluid-scale structures to
smaller scales, through a turbulent cascade of non-linear interactions. During such a process,
also the energization of the particles is possible. In particular, when the energy reaches the ion
and electron scales, some kinetic processes can convert the turbulent fluctuations energy into
particle heating and acceleration. Two examples of these kinetic processes are the non-linear
damping of waves or dissipation in coherent structures, which are structures localized in space

and time, and include thin current sheets, magnetic islands, isolated flux-tubes, or small-scale

3Kelvin’s theorem states that % fs w- dS = 0, implying that the flux of the vorticity w = V X v is conserved
and the vortex lines move with the fluid [14]
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Figure 2.14: Typical spectrum of turbulence, including the different scales and ranges. Image
credits: https://help.altair.com/hwcfdsolvers/acusolve/topics/acusolve/training_
manual/turb_scales_energy_cascasde_r.htm

vortices [65]. From the observations, a strong energy dissipation and particle energization
result in kinetic-scale regions, associated with strong electron currents and non-maxwellian
distribution functions of the particles. In the case of the thin current sheets, the particle
energization is also connected to small scale reconnection: these were observed in the turbulent
magnetosheath, together with coherent structures at the electron scale like magnetic holes
and vortices. Another example is the Kelvin-Helmholtz waves generated in boundary layers
associated to a flow shear between adjacent plasmas, such as the magnetopause of the Earth
[65].

In toroidally confined plasmas, a phenomenon occurs called anomalous transport which may
be due to either magnetic or electrostatic turbulence [45]. The first possibility concerns the
fluctuations of the radial component of the magnetic field d B, which can distort the magnetic
surface. The second possibility refers to fluctuations of the perpendicular electric field E
due to plasma instabilities, which might lead to the formation of vortex-like structures causing
energy losses. Magnetic fluctuations play a fundamental role in the dynamics of an RFP

plasma. If they are described by the form:

br =Y by n(r)e’"otm) (2.50)

the stationary magnetic fluctuations are able to resonate on the rational surfaces producing
magnetic islands [67]. In the condition of island overlap (given by the so-called overlap pa-
rameter), the magnetic field lines can pass from one island to the other transporting particles
which end up being no longer confined. This stochastic transport due to magnetic fluctuations
governs the energy transport in the core of RFP plasmas [75].

In conclusion, the two kinds of particle energization processes mentioned in this chap-
ter, magnetic reconnection and turbulence, are not necessary independent, but they are often
combined in a complex way. In particular, there is evidence of small scale reconnection in
turbulence, as well as turbulence in large scale reconnection. Such a combination could fur-
ther improve the efficiency of the energization mechanisms [65]. In order to better investigate

these combined processes, multi-scale measurements are required: in some spacecraft obser-
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vations [65] the reconnection diffusion regions (including magnetic islands, thin current sheets
and other intermittent structures) were found to be turbulent and associated with a strong

energization of the particles, like, for example, in the solar corona.
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Chapter 3

Current experimental results and

procedures

3.1 Superthermal electron flows

As explained in paragraphs and the dynamics of RFP plasmas are characterized by
an intense MHD activity. Several experimental evidences confirm that the MHD activity is also
correlated with the presence of fast particle flows, including both electrons and ions, observed
in the periphery as well as in the core region of the plasma [87]. These electrons have typical
energies exceeding the thermal velocity [3I] pertaining to the tail of the energy distribution,
and therefore are often dubbed as superthermal. The study of superthermal electrons in the
experimental devices is essential because they can cause a large power loss when intersecting
any obstacle coming out of the vacuum vessel surface and they can damage the materials in
contact with the plasma. In particular, the radial diffusive velocity of these electrons results to
be of order 103 m sec™! [31], which means they reach the walls in a very short time causing the
loss of all the power they bring from the walls. As a consequence, fast electrons may represent
a crucial channel of energy loss.

As far as astrophysical plasmas are concerned, according to the observations of the WIND
spacecraft [21], the electron acceleration process giving rise to the superthermal electrons re-
sides in the diffusion region where magnetic reconnection occurs. In this region the power-law
spectra appear more energetic than in the outflow region, and the preferential direction is the
parallel or antiparallel one with respect to the guiding field. On the other hand, in the case
of toroidally confined plasmas such as the RFP, the presence of the superthermal electrons
is connected with the observation of bursts in the soft X-ray regime and subsequent crashes
corresponding to the relaxation phases of the typical dynamo (see note O at page events.
Experimental observations obtained in the MST RFP experiment [2I] revealed an anisotropic
electron energization, but in this case the preferential direction is perpendicular to the mean
magnetic field. This anisotropy results indeed as a non-thermal tail in the X-ray energy spec-
trum of the electrons in the core region during the reconnection events. In figure it can be
seen how the X-ray flux changes in time during magnetic reconnection: at energies higher than

20 keV it increases indicating the moment when fast electrons are produced. When the event
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Figure 3.1: Evolution in time of the X-ray flux during magnetic reconnection in the MST RFP
plasma. Dark red indicates high flux and dark blue no flux. Results obtained by DuBois et al.
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Figure 3.2: Spectra obtained by DuBois et al. [21] fitted with a power-law I'(E) o E~7 with
the tail spectral index ~ changing with the different phases of magnetic reconnection.

ends there is a rapid decay of the flux. Also a spectrum is shown in figure[3:2|before, during, and
after magnetic reconnection: during the event a flattening of the high energy tail is observed.
This kind of dynamics for the X-ray tail is compatible with the dynamics of the RFP tearing
modes and the magnitude of the energy released by magnetic reconnection, resembling in some
way the WIND spacecraft results. This suggests that the origin of the anisotropic tails in the
energy distribution of the electrons is also connected with the occurrence of MHD turbulent
processes. Also another experiment, the PLT tokamak, has focused on this phenomenon and
has found an anisotropic velocity distribution when studying the Brehmsstrahlung emission of
runaway electrons [21].

The electron drift side can be defined as the surface along the same direction as the local
current density vector characterizing the RFP configuration [86]. As far as the electrons in the
edge plasma region are concerned, the typical temperature T} of the tail on the electron drift

side (namely the side from which most of the superthermal electrons come) is comparable to
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(or greater than) the central electron temperature, and in the TPE-1RM20 experiment [87] it
results that Tj = 220 eV, much higher than the bulk edge electron temperature T, ~ 30 €V. In
this experiment, it was observed that outside the reversal surface fast electrons flow along the

magnetic field lines. In particular, we can distinguish three candidates for the driving force:

1. The externally applied toroidal electric field accelerates electrons in the core region, and
then a radial diffusion process [32] occurs: the accelerated electrons may start migrating

radially along stochastic magnetic field lines to later become runaway electrons [36];

2. the dynamo electric field v x B driving the poloidal current which sustains the RFP
configuration. It is produced by the non-linear interaction among the tearing modes and

in principle it is able to enhance the poloidal loop voltage [87];

3. the force caused by wave-particle interactions: low-frequency Alfvén waves (definition
in [2.15)) interact with electrons and induce diffusion producing a superthermal electron
beam parallel to the field in the edge region [97].

Furthermore, in a plasma a large enough electric field can overcome the collisional damping
caused by the friction of a beam of accelerated electrons towards the bulk plasma. The con-
sequence is that the electrons are accelerated to relativistic speeds, i.e. they become runaway

electrons [74]. Such an electric field is called the critical electric field

E. = needlnA/dreim.c?

where In A is the Coulomb logarithm [16]. In RFP plasmas the ratio E/E., where E is the
electric field able to drive electrons, is large enough (till 0.1 in the TPE-1RM20 device [87])
for it to be plausible that the electron energy distribution function presents an high energy
component.

In the TPE-1RM20 experiment [87], it was found that the fast electron current density
profile may be subjected to a modulation caused either by the rotation of the MHD modes,
or by the local magnetic field perturbation (toroidal and radial components), but the latter
seems to be the dominant cause. Figure shows the coherencd] found between the fast
electron current (jeo) and By, which is statistically meaningful at frequencies lower than 50
kHz. Similar results were obtained for the correlation between fast electrons and the v x B
dynamo electric field which increases for the higher-energy portion of fast electrons. It can be
stated that fast electrons are accelerated by the v x B field, which is mostly active near the
reversal region [87].

In the RFX device, it can be assumed that superthermal electrons carry almost all the edge
current density [84] (and the same applies also for the results obtained by Ingraham et al. [31]),
and some currents were observed to be associated with the phase-locking of the MHD modes
which induces the distortion of the plasma column and lets the superthermal flux intercept
the first wall. In this experiment, the profile of the collected current presents a flat-top phase,
and such a constancy gives a clue about the time behavior of the electron current density
and temperature: the generation process of superthermal electrons and the distortion of the

electron energy distribution function are stationary [84].

n the article [87] coherence corresponds to the ratio of the square root of the power spectrum of a quantity
b(t) that has a linear relation with a quantity a(¢).
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Figure 3.3: Coherence between the fast electron current j.,; and the toroidal component of the
magnetic field B;. Results obtained by Y. Yagi et al. [87]

In conclusion, according to the experimental results, in the RFP configuration there are

different possible mechanisms for the production of fast electrons:

1. the electrons are accelerated during the reconnection process of the magnetic field lines

occurring in the RFP plasma.

2. the dynamo electric field v x B accelerates the electrons along the magnetic field lines

which stochastically reach the edge region

3. the electron current density diffuses from the core to the boundary region according to
the kinetic dynamo theory: the superthermal electrons are produced in the core plasma
and then are transported to the edge. This is supported both by the values found for
the fast electron temperature comparable to the core temperature, and by the fact that
these electrons seem to be collisionless and coexist with the cold plasma component at

the edge which is a rather kinetic mechanism [31].

Hard X-ray emissions were detected in the case of astrophysical plasmas as a signature of
electron acceleration, for example in the case of solar flares [89] in which very energetic electrons
were detected, associated to a high-energy component in the distribution function tail. In this
case, it was proved that the process able to accelerate so efficiently the particles is related to
the termination shock, which is a shock produced by super-magnetosonic reconnection outflows
impinging upon dense, closed magnetic loops [I3].

In astrophysical plasmas, the presence of accelerated charged particles which contain a
high energy component in the energy distribution tail is very common. According to the

observations, these particles exceeding thermal energy obey this kind of power law distribution:
dr f(v)dv x v~ %dv

for |v] > vy, [BO]. In solar flares, for example, protons and electrons are accelerated by shock
waves and reach MeV energies in the corona and interplanetary space [I]. Non-thermal particle
populations are often associated to shocks, another example is the heliosphere, where shocks

are seen to produce superthermal particles as part of their own formation process [34]. The

35



acceleration process, which is still not completely understood, leads to power-law particle
spectra. Additional observations concern particle velocity distributions in the high speed solar
wind, where the shape of the electron distribution function differs from simple bi-Maxwellians
because a hot, strongly beamed, high energy electron component is present in addition to a
distinct low energy electron component along the magnetic field directed away from the sun
[24].

Finally, particle energization is often associated to the dissipation of plasma waves and
turbulent fluctuations [65]. In the magnetosheath, superthermal electrons were detected by
Cluster presenting a power-law distribution of whom the slope was computed: it was found to
decrease as the ratio between local electron plasma and cyclotron frequencies wy. /€2 increases

[49], which suggests that the power-law distribution derives from a process of wave scattering.
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3.2 MHD turbulence and intermittency

Every kind of magnetized plasma in the universe is characterized by MHD turbulence, which
develops when the magnetic Reynolds number is large enough. Indeed, the properties of
MHD turbulence can be studied in laboratory plasmas as well, including the RFP configuration,
characterised, as already explained, by a very high level of fluctuations.

It is possible to consider small scale turbulence as an ensemble of Alfvén waves propagat-
ing along the average magnetic field, and the possible interactions are those between modes
travelling in opposite directions [6]. It is assumed that k, p,q wave vectors interact satisfying
k + p + g=0. In the case of non-magnetized turbulent fluids described in section §2.3] the en-
ergy spectrum is described by the Kolmogorov’s law and it is possible to define a similar
law in the MHD case, in which the energy decay spectrum is influenced by the presence of the
magnetic field, the so-called Alfvénic effect, which slows down the energy transfer process, as
will be explained hereafter.

Let us now use the Elsasser variables z* = v + B, which represent pure Alfvén wave per-
turbations propagating either in the direction of the background magnetic field By or opposite
to it [51], to rewrite the MHD equations (section in this way [23]:

Oz*

o T (va-V)zt + (z5 V)zt = -VP +

A

U+)\V2zi + L;

— VigE (3.1)
where P = p+ B?/2 is the total pressure, and v 4 the Alfvén velocity Now, let us consider

the two invariants in ideal 2D MHD [23]: the total energy

1 1
B= /(02 FB)dr= Ek:(w +1Bul?) = By + Enr

and the cross helicity
1 1
K= §/V~Bd3$: 521(:(Vk~B_k)

which measures the imbalance between interacting waves. Using the Elsasser variables these

two equations can also be written in form of the so-called pseudo energies [23]:

B = % / 12t (x, ) 2dP (3.2)

It is possible now to make a dimensional analysis by considering the interaction between
Alfvénic fluctuations (eddies) of the same scale | ~ k~!, assuming the fluctuations are lo-
cal in the wavenumber space [20]. Two different timescales are involved: the one related to the
transport velocity, which is v4 in this case,

l

TA X —
VA

and the lifetime of the fluctuating eddies

l

+

T~ —

l ¥
0
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Considering that 74 << Tl:t, the variation in amplitude dz* of a given vortex §z* caused by
its interaction with another one in one interaction time 7; can be computed taking equation

without considering the last two dissipative terms (in the inertial range), obtaining [20]:
dzt ~ 162%52T /1 (3.3)

If the number of stochastic interactions between similar eddies is NV, the amplitude variation is
Az* ~ /N - dz*. This leads to the number of interactions necessary for an eddy to obtain a

variation Az¥ equal to its initial amplitude 5z*:

NT e L (Tli>
=% 7 \m

2

Taking the time of one interaction 7;, the total time for the modification of the amplitude §z*

at the scale | for N* interactions is
T = N* .1~ (175)% /7

In the case of fully developed turbulence, 7; corresponds to the Alfvénic time 74 defined above,
so we obtain
T% ~ val)(82F)?

Let us now consider the stationary symmetric case [52,7| ~ |0z, | ~ |62 [20] such that the
transferred energy flux II between the vortices corresponds to a value € independent on [, so that
I~ (52)2 /T, where T for brevity corresponds to the time T'* previously defined. Substituting
we get & ~ (02)* fval. If we then write (02)% ~ kE(k) [20], where E(k) is the energy density

in mode k, the Iroshnikov-Kraichnan power-law can be derived:
E(k) ~ (cv4)Y/2E=3/2 (3.4)

which represents the energy spectrum in the MHD turbulence case.

The main difference with respect to Kolmogorov’s law is that the MHD spectrum not only
depends on €, but also on the large scale quantity v4 related to the fluctuations along the mean
magnetic field. The presence of this preferential direction, namely the fact that the interaction
time (above called 7;) corresponds to the Alfvénic time in turbulent MHD, means that the

energy transfer time is
+
-
T ~ 7t <l> >> 7t
TA

+
because in this case - >> 1. Therefore, the 2D spectrum (E(k) ~ k~3/2) results to be less

=
steep, namely the ene;‘gy transfer process is slower than in the case of non-magnetized fluids
(E(k) ~ k=%/3) where T* ~ 7i=.

Let us put back the attention to Kolmogorov’s law it establishes a well defined shape
for the energy spectrum F(k), which was explained also with the "Kolmogorov 1941 theory"

(K41) [39]. This theory is connected with the symmetry properties of the Navier-Stockes
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equation [38], one of which is the A rescaling:
(t,x,u) — (A7, Ax, Au)

for arbitrary A and h. As mentioned in paragraph the energy transmission rate is € ~ v3 /I,
where v and [ are the scales (velocity and size) of the eddy. If the scale variation is I — I’ = Al,

then all the variables are scaled in the following way [82]:

v v =My
P P = \XP (3.5)
p—p =Np

Respecting the scaling transformation invariance, these can be substituted in the expression
for the energy flux:
e — e =\l
Since, as seen in according to Kolmogorov’s theory the energy flux must be a constant
in the inertial range, then h=1/3. This unique value determines the scaling law of the p-order
structure functionseen in section which becomes ((dv(r))") ~ r<() with ¢(n) = n/3.
Therefore, h=1/3 is the Hoelder exponentﬂ with whom the following definition for the

two-point increments is valid:
dvz(l) = [v(x + 1) — v(x)| ~ 1"

where v is a generic turbulent field, x is a position, and r corresponds to the scale (|r| = I).
Actually, both in the case of ordinary fluids and MHD flows, the energy cascade process is in-
homogeneous, because the energy transfer is favoured where gradients are larger. In particular,
as the energy cascade proceeds towards the smaller scales, the energy becomes concentrated
on precise regions of space, so that some intermittent energetic structures emerge from the
fluctuation background [52] as local discontinuities or sudden bursts. Therefore, by the term
"intermittent" it is meant that turbulent energy dissipation is strongly localized in temporal
and spatial sense, namely the statistical properties of plasma fluctuations are scale-dependent.
As a consequence, the probability distribution function (PDF) of dv, (1) is scale-dependent too:
it is gaussian at large scales because the fluctuations are mostly independent one on the other,
while approaching the dissipation scales the formation of small-scale energetic structures makes
the tails of the distribution non-gaussian, because the stronger events have a higher probability
of occurrence. This phenomenon consisting in the change in the shape of the PDF of the velocity
difference for different scales is known as anomalous scaling [59] or intermittency, and basically
it involves an uneven distribution of the turbulent energy dissipation rate. Quantitatively, the

scaling of the structure function can be written as

Sl(q) ~ qu

2The Hoelder exponent allows to characterize locally irregular functions. The Holder exponent of a function
f measures how irregular f is at each point. The higher the exponent at a point, the more regular the function
at that point [72]. A mathematical definition is enunciated in [72].
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where Sl(q) are higher order momenta, and ((g) is a non linear function of ¢ characterized by a
lower profile with respect to Kolmogorov’s linear law [82]. In particular, the structure function,
which can be considered as a spatial average of dv; weighted on the exponent ¢, increases as
a power-law of the scale. The anomalous scaling effect is more visible for ¢ > 3, when higher
fluctuations have a higher impact. Intermittency can be studied with a multifractal approach
in order to account for the variation of the Hoelder exponent h at different points of the fluid.

The fluctuations can also be intended as magnetic field fluctuations across the turbulent
structures such as the stochastic variables éB(7) = B(t + 7) — B(t), where 7 is the scale, and
the scaling law is §B(7) ~ 7" [9].

In the RFP configuration, intermittency is mostly present in the plasma edge region near the
external wall, where the difference between the scaling exponent (, and p/3 is larger. Therefore,
it can be stated that the anomalous scaling laws of the PDFs depend on the position in the
plasma [9]. The deviation increases in conditions of anisotropy and it is likely to be associated
to passages of coherent structures. This is also possibly connected to the bursting events
which have been observed in the turbulent boundary layers. So, it is crucial to understand the
relation between bursting events detected in the time tracks of the plasma signals and small
scale intermittency. In particular the intermittent structures may be influenced either by walls
or by the current sheets at the edge. This highlights the importance of studying intermittent
events, also to have an idea of the nature of the magnetic fluctuations to better constrain the
confinement process in the RFP plasmas, which is also part of the targets of this thesis project.

Let us now introduce the mathematical tools and methods which were implemented in this
work in order to relate anomalous scaling, intermittency and bursting events. At this point,
it is crucial to introduce the concept of wavelet coefficients, which can be obtained conducting
a wavelet decomposition of the velocity signals acquired in the experiments. Mathematically,

the wavelet coefficients are defined as [59]:

w(r,z) = %/qp*((x' —z)/r)u(z’) dz’

where ¢* is the complex coniugate of the wavelet function ¥, u(z) is the analyzed signal,
and r is a scale. The existence of a correspondence between the velocity difference and the
wavelet coefficients is fundamental, because it makes the wavelet transform the analytical
instrument allowing for the study of the PDF of the wavelet coefficients at different scales and
distances from the walls. The wavelet transform keeps the locality present in the signal and
consequently allows for its local reconstruction, so it takes into account the local properties of
the turbulent field by correlating the signal with a family of waveforms well concentrated in
time and frequency. The benefit is the wavelet transform is an indicator of the scaling laws:
when the structure function of a signal scales as a power-law, so do the wavelet coefficients,
such that

(w(r,x))e ~r®

with « being the scaling exponent and (...), an average over the positions z.
The wavelet coefficients build the indicators of intermittency currently used. The first to

be defined is the measure of intermittency, also known as Local Intermittency Measurement, I
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[59]:
jw(r, z)|?

(lw(r, )[?)s

which represents the local activity of the fluctuating field at different scales. The second

I(r,z) = (3.6)

fundamental indicator is the 4th order momentum of the PDF, known as flatness F, which in

terms of wavelet coefficients can be defined as:

F(r) = (w(r,2)") (3.7)

In particular, it can be assumed that the value of F for a gaussian distribution is equal to
3. The I parameter is used as a threshold to select a portion of the signal of a given scale
ro which physically corresponds to select the instant of passage of coherent structures in the
signals obtained in form of times series. The method consists in computing the flatness F' at

different wavelet scales. There are two possible results [59]:

e [ is greater than 3: a threshold on [ is imposed and F' is re-computed excluding the
regions where I overcomes the threshold mentioned above. If, after this, F' is still greater
than 3, the threshold is lowered and the process is repeated till F' reaches a value lower
than 3 at all the scales

e [ is lower than 3 at a certain scale: this is the limit at which the events are not detected

For each of the analysed temporal scales, this method allows to disentangle in the signal those
fluctuations which are responsible for the departure from gaussianity caused by higher tails in
the PDF. At smaller scales a lower threshold on the I parameter is required.

Castaing [IT] introduced a method to describe the PDF of the increments defined in Kol-
mogorov’s theory, which is based on the fact that at each scale the energy transmission rate e
between fluctuations does not possess an homogeneous scaling property [81]. Inside the mul-
tifractal description, each region of space can be assumed to be characterized by the same
distribution P, of field fluctuations with a variable width o. The field fluctuations depend
on the cascade efficiency and on the fraction of space through a weight L(c). Therefore, the
PDF consists in the continuous superposition of all these distributions of different weight as-
sociated to the distribution function of the widths o. Given the scale A, assuming that the
energy transfer is associated to a multiplicative hierarchy of energetic structures [81], the PDF

of fluctuation variances is [11]:

Ly(o1) =

ln201/00,>\> (3.9)

1
exr
/\l vV 21 P < 2)\12

with ¢ » the most probable value of ;. Like the local energy transfer rate, the variances follow

a log-normal distribution due to the random distribution of the local efficiency of the energy
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Figure 3.4: Probability density function (PDF) of the wavelet coefficients computed at different
scales 7. Results obtained by Antoni et al. [3]

cascade. Then, we consider Py as a gaussian distribution of the form:

_ 1 a7 §Yi/o
PO((SQZ}la Gla (13) - \/%GIP [W (1 + QSW>] (39)

. . . o h . Y7 S /o
including the scaling law dv [" and the correction term exp|( —g5 kas \/W)’ and,

finally, for each time scale we obtain the probability distribution function
P(oun) = / La(o0)Po(8en, o1) din (3.10)
0

In particular, it can be seen that if A? = 0 equation takes the form of a d-function d,(z) =

\/;l‘a‘e’(””/a)z where a = v/2)\; and z = In U‘;’ZA, and consequently becomes a gaussian of

width oq ;. Therefore, as \? increases, more values of o; are included (as a increases, the width

o of §,(x) increases, and vice-versa), and the PDF tails increase [81]. That is the reason why
intermittency is studied analysing the scaling behaviour of the exponent )\l2 at different scales
l. Similar A\? values imply similar degrees of intermittency.

The statistical properties of the fluctuations of the floating potential (which is a signal
depending on the plasma potential and electron temperature, as will be seen in the following
chapter) and the phenomenon of intermittency were studied in the RFP plasma of the RFX
device [3]. Figure 3.4 shows an example at different scales 7 of the PDF of wavelet coefficients
¢(1). Tt can be seen how at larger scales (like 7 = 20.0us in the figure) we have a quasi-
gaussian distribution, while going towards smaller scales (7 = 4.0,8.0us) the tails gradually
deviate in a more visible way towards a non-gaussian distribution. The selected events consist
in strong gradients present at all the scales, which are generated by the dynamics of coherent
structures [59]. Therefore, the deviation from gaussianity, which in this case indicates small-
scale intense fluctuations in the potential (involving a relevant energy fraction of the signal), can
be characterized through the generation of these coherent structures [3]. Similar results come
from the statistical analysis carried out in the TPE-1IRM20 device [64], where the electron
current PDF exhibits the same deviation from gaussianity at higher energies. As already
explained above, in the experiment [59] it was found that intermittency increases at decreasing
distances from the wall, observing gradually stronger (, anomalies. Figure @ shows this
decrease in the intermittency parameter p = 2 — (g, with (§ being the scaling exponent (, of
the sixth order structure function. p gives the anomaly with respect to Kolmogorov’s law.

Additional evidence of intermittency is inferred from the observations by Voyager 1 of the
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Figure 3.5: Intermittency parameter p as a function of the distance from the wall expressed
by the vertical coordinate yT. Results obtained by Onorato et al. [59]

local interstellar medium (LISM) corresponding to the heliospheric boundary layer (HBL),
which is the region adjacent to the heliopause [26]. In this case, magnetic field distribu-
tions exhibit presence of intermittency in high frequency data, associated to coherent-fine
scale structures and weak current sheets. The associated measured magnetic field fluctuations
have an amplitude reaching 10 percent of the magnetic field strength, and the timescales in-
volved are in the order of seconds up to one hour. Analysing the magnetic field increments
A.B(t;7) = B(t) — B(t + 7) high-shear events were observed, which are signature of the pres-
ence of small-amplitude discontinuities compatible with filamentary structures [26]. Finally,
the small-scale magnetic field was found to be intermittent, as indicated by the resulting PDFs
of the magnetic field increments, shown in figure [3.6] which were fitted using the g¢-gaussian
distribution, composed of a gaussian core and power-law tails. Also in the case of the solar
wind [54], the presence of coherent structures was detected. In particular, the PDF of the
distance between observed events (i.e., the waiting times, described later) in the solar wind
data resemble pretty well the distribution resulting from simulated 3D MHD turbulence.

Furthermore, in addition to be associated to structures like current sheets in astrophysical
plasmas, intermittency results to be related to the relaxation events in laboratory experiments.
For example, the detection of the intermittent events in TPE-1RM20 [64] is associated to
bursts of electron current which, apart from involving half the total current and belonging to
the non-gaussian tail of the PDF, tend to cluster in time during relaxation events. Similar
considerations apply in the RFX-device [3] for the coincidence of the local minima of the
fluctuating potential with relaxation events.

Therefore, in the end, the purpose is to understand if a correlation of the intermittent events
with magnetic reconnection exists: we would expect that this kind of events are correlated also
with the phases of the reconnection process. In particular, as explained in section §2.2.3] at the
instant of generation of the toroidal flux we assist to the formation of an electromotive force
in the poloidal direction, which alters the toroidal current and impedes the flux generation
[56]. This is supposed to be visible on the time series of the reversal parameter F' with a
minimum. Here comes the aim of the thesis: finding the correspondence between the presence

of the coherent structures and all the events described in chapter §2.2] including, for example:
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Figure 3.6: PDFs of magnetic field increments out of the data measured by Voyager 1. Two
time intervals are considered (up and down rows) for three components of the magnetic field
from left to right involving different directions with respect to the Sun position, equatorial
plane and rotation, plus the field strength. Credits: [26].

the decrease in the edge toroidal magnetic field resulting as the minima in F

o the slight peak in the toroidal plasma current I,

the increase in the toroidal flux

e the MHD activity involving the dominant and secondary modes

which occur progressively during magnetic reconnection in RFP plasmas and can be observed

in the fluctuations of the signals like in figure
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Figure 3.7: Times series of the signals from the RFX-mod RFP plasma which are subjected
to modifications and fluctuations due to magnetic reconnection. We can focus on the reversal
parameter (a), the plasma current (c), the averaged toroidal magnetic field (e), and the MHD
modes (g). The discrete relaxation events are indicated by the pink vertical lines. Results
obtained by Momo et al. [56]
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Chapter 4

Data Analysis

As extensively emphasized above, the aim of this thesis project is to find a correlation between
the acceleration of the particles during magnetic reconnection and MHD turbulence in a toroidal
RFP plasma. The data analysis has been carried out on signals collected in form of time series
by the RFP plasma device TPE-1RM20 at the Electrotechnical Laboratory [87] in Tsukuba,
Japan. This experiment, as already mentioned previously had the aim of studying the fast
electrons detected at the edge plasma region. In support of the thesis, the results have been
compared with those obtained analysing the signals of the RFX-mod RFP device at Consorzio
RFX, in Padua, Italy.

4.1 Diagnostics

4.1.1 TPE-1RM20 device

TPE-1RM20 is a toroidal configuration, whose geometry can be visualized in figure [2.2] with
the toroidal angle ¢, the poloidal angle § and the radial coordinate. The toroidal direction is
along the toroidal field on the axis, the poloidal field along the local poloidal field, and the
radial direction points outwards [87].

TPE-1RM20 has a major radius of 0.75 m and minor radius of 0.192 m. Its operating gas
is deuterium. It can reach a maximum plasma current of 280 kA and pulse duration time of 17
ms, and it is characterized by a triple-layered shell structure consisting in a thin double-layered
copper shell and a thick copper shell. For the plasma to remain stable the shell proximity b/a,
where b is the inner minor radius of the innermost shell and a is the minor radius of the
plasma, is equal to 1.12. The shells are conductive and are such that the penetration time
for the vertical field BVE| is much longer than the current duration time [85]. There are four
operating parameters: I,, F//©, By and pqa. The former two, where F' and © are the reversal
and pinch parameters and I, the plasma current, scan the majority of the database,
while By is used for equilibrium control, and pgs, the filling pressure of deuterium gas, scans
the electron density n.. TPE-1RM20 [87] is monitored by an optimized equilibrium control

such that the centre of the last closed flux surface corresponds to the centre of the vacuum

IThe DC vertical field By (Direct Current electromagnetic field) consists in a constant or static DC field
emission at a frequency of 0 Hz.
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Figure 4.1: Scheme of the complex probe structure with all of its components: an Electron
Energy Analyzer measuring the electron flux, four tungsten pins for the floating potential
(namely the electric field), and two magnetic coils for the magnetic field. Image credits: [87]
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Figure 4.2: Scheme of the structure of the Electron Energy Analyzer (EEA) composed of a
front plate, a repeller, and a faraday cup. Image credits: [87]

vessel. The first wall is made of stainless steel and/or molybdenum [85].

This experiment involves the use of a complex probe in order to investigate the correlation
at the same plasma radius between the current density of fast electrons and other quantities,
such as the local dynamo electric field v x B.  Figure shows a scheme of the complex
probe with all of its components: the Electron Energy Analyzer (EEA), four tungsten pins,
and two magnetic coils. The complex probe is inserted inside a small boron-nitride case having
a cross section of 25 x 25 mm. It is fixed on a manipulator, which can be driven linearly
towards the plasma and rotated around its axis, and it is installed in correspondence of an
outer horizontal porthole in the equatorial plane. The tip of the probe was set at a plasma
depth of 25 mm (r/a = 0.87). Not to cause damages, lower plasma current discharges are used,
with the maximum I, around 50 kA. As the intensity of the discharge decreases, the shorter is
the discharge duration because the reversal of the toroidal field is shallow.

The first component of the complex probe to be described is the EEA, an analyzer with an
electrostatic retarding potential which allows for a direct measure of the energy distribution
function of the electrons and the flux. The centre of its entrance hole is suspended 5 mm from
the tip of the probe. The structure of the EEA is shown in figure {:2] and it consists in:

e a front plate (1 mm-thick molybdenum) with a pinhole of 250 pm which reduces the
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fast electron current limiting the Larmor radius of the incoming electrons: this reduces
the damages to inner electrodes due to the high heat flux and eliminates the bulk of
ions at the plasma edge. Since here the magnetic field is mostly poloidal, at constant

perpendicular velocity the electron radius changes with the plasma current Ip;

e a repeller made of Cu-Be (1 mm internal diameter, 3 mm thickness) which imposes a

threshold to the energy of fast electrons. The repeller voltage applied is -300 V;

e a faraday cup made of Cu-Be (1.5 mm internal diameter): the collector of the electron
current j.,; which has an angular distribution profile with full-width-at-half-maximum

corresponding to the angular resolution related to the electrodes.

Both the front plate and repeller voltages are controlled by a voltage-divider. The output
from the voltage-dividers is fed into electro-optical converters for the data acquisition. The
data acquisition is based on a Computer Automated Measurement And Control system using
analog-to-digital converters.

Secondly, the four tungsten pins, characterized by a diameter of 0.5 mm and plasma pro-
trusion of 2 mm, measure a floating potential. They are appropriately protected from the fast
electron flow being located at the opposite side with respect to the EEA entrance hole, and

extend

e to 1.5 mm in the radial direction to measure the radial component of the electric field
E.;

e to 2.5 mm in the respective normal direction to obtain the component E,. This corre-
sponds to the toroidal electric field, E;, when the EEA entrance hole is directed along
the poloidal direction.

Only the floating potential V; is used for the calculation of the local electric field, which
satisfies
Vo =Vy +al, (4.1)

with V,, being the plasma potential, o a constant number around 3, and T, the local electron
temperature. The toroidal and poloidal components are obtained from E = —V¢ taking the
difference between the floating potential measured by the pins in each direction, for example
87 Ey = —((Vi2 + Via)/2 — (Vi1 + Vis)/2)/d, where £1,2,3,4 are the numbers identifying the
four pins visible in figure [f.I] and d is the distance between the pins.

Finally, the two magnetic coils are necessary for the radial component of the magnetic
field, B,, and its normal component B,,, which, again similarly to E,, eventually becomes
the toroidal component B;. To be more precise, no absolute values of the magnetic field are
measured, but rather flux fluctuations in time, so that the unit of measurement is volt per
second.

Apart from the complex probe, a triple probe is also used in order to measure the local
electron temperature and density, 7, and n., in the edge plasma. It is independent on the
complex probe and it situated towards the downstream of fast electrons. It has the same
poloidal cross section, and consists of four tungsten pins too. In order to obtain accurate

plasma parameters, there is a calibration of the optical links.
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Some examples of the typical values for T, and n. [87] are respectively T, = 17+ 3 eV and
ne = (0.44+0.1) x 10!¥m =3 at a distance from the core given by r/a=0.95, and T, = 29 + 3 eV
and n. = (0.8 £0.1) x 10m =3 at r/a=0.92. In the core region, instead, the temperature T,o
(measured by a Thompson scattering system) reaches a maximum of 930 £ 280 eV, and it was
observed [85] to increase with the plasma current I, till a critical value (I.;+) at which it satu-
rates. In TPE, T, is large and so is the Magnetic Reynolds number S, which depends strongly on
it [85]: it can be defined as the ratio between 75 and 74, which are respectively the resistive and
Alfvén timescales, and it results to be equal to 2.18 x 1071,,[M A|(T.) [keV]*5 (n,)[1019m 3] =05,
Also the streaming parameter, i.e. the normalized electron drift velocity, which is &g = veq/Vetn,
(where veq and vey, are the electron drift and thermal velocities) is high, of the order of 1.49
x1072a[m]~2I,[M Al(n.) x [10Ym=3]71(T,)[keV]72. Such an high &, in principle is able to
drive the runaway electrons which are typically observed in the edge region. As far as the length
dimensions in the TPE database are concerned, the electron and ion Larmor radii normalized
to a correspond respectively to p? between 3 x 1074 and 3 x 1073 and p; between 3 x 1072
and 3 x 1071 in units of (T.)[keV]°51,[M A]~!. The shot-averaged value of the plasma-£3 for
the poloidal field lies between 0.05 and 0.3.

4.1.2 RFX-mod RFP device

RFX-mod can operate as a RFP device. It is a toroidal configuration with major radius R=2
m, and minor radius ¢=0.459 m [92]. It has been operated at a plasma current I, in the range
0.2-2 MA with on-axis electron temperature T, between 200 and 1000 €V and electron density
ne of (2-10)x 10 m~3. The discharge duration reaches 0.4 s. The plasma is ohmically heated
with a loop voltage of 20-50 V, needed to sustain the poloidal currents through the dynamo
process. The operating gas is hydrogen. The magnetic boundary corresponds to a thin Cu
shell, characterized by penetration time of the vertical field of 50 ms. The system consists in
192 saddle coils which cover the whole area to efficaciously control the MHD activity related
to the radial field.

The electrostatic and magnetic probes are located inside the vacuum vessel, in the so-called
Integrated System of Internal Sensors (ISIS), able to acquire high-frequency data and study
the fluctuations of the various quantities at the plasma edge. Similarly to TPE-1RM20, the
time derivative of the magnetic field is measured. The first wall of the machine is covered by
graphite tiles, behind whom the probes are distributed in the toroidal direction and on two
48-coils arrays in correspondence of two opposite poloidal locations.

The signals were acquired in experimental conditions of low I,,, i.e. lower than 400 kA, using
a probe called U-Probe (figure which is inserted into the vacuum chamber till r/a =~ 0.9.
The probe consists of two 5 cm toroidally spaced boron nitride cases containing 40 electrostatic
pins each combined in eight triple probes of 5 pins. In addition, each of the case contains a
radial array of 7 three-axial magnetic coils measuring the three components of the magnetic
field. The U-Probe allows for a high frequency estimate of the plasma potential, electron
density and temperature [81].
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Figure 4.3: Schematic image of the U-Probe in the RFX-mod device.

4.2 Available data and signals

The available data from the TPE-1RM20 device consist in a total of nine signals acquired
with a sampling frequency of 2 us [87]. The data are collected in shots divided into windows
containing 100 time points (200 ps) each. Every window is separate and statistically equivalent,
and they are associated to the same time interval so that each sample is characterized by similar
experimental conditions. The total number of windows is Ngu., = number windows per shot x
shot number. To each window the linear trend is subtracted, and then they are multiplied by
the Hanning window (A=3/8). The available kinds of shots containing the signals are divided

into four independent datasets:
1. At high theta
2. At high density
3. At high current
4. Additional "ground" dataset

By "theta" the plasma © parameter [2.29]is meant. In table f.I] some estimates are shown of
the principal plasma parameters: the plasma current I,, the reversal parameter F [2.30} and
the © parameter (explained in §2.1.2)). In figure the typical collected signals are shown.

High theta High density High current ground
I, =52+3kA I, =61+2kA I, =80+4kA I, =52+4kA
F=-03+02| F=-024+0.08 | F=-0.15£0.08 —0.22 £0.05
0=18+015 | ©=170+0.075 | ©=1.62+0.00 | ©=1.70=£0.06

Table 4.1: Average values for the most useful plasma parameters: the plasma current I, the
reversal parameter F' @ and the © parameter @

We can see that the plasma current (up on the left) can be assumed constant between 1.5 ms
and 4 ms and so an average value can be established. The interval covered by the flat-top
phase of I, is the reference time interval for all the other samples. The signal obtained from
the EEA describes the electron motion, and a low-pass filter (from the scipy package) at 250
kHz was later applied to it.
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Figure 4.5: Power spectra of the complete signals of the EEA obtained combining all signals
contained in the high theta dataset and high density dataset. A power-law trend results.

As mentioned previously, the signals obtained from RFX-mod were obtained in low-current
discharges with a value of the safety factor ¢ [2:33] at the boundary around -0.006. This cor-
responds to a multiple helicity (MH) regime, which was theoretically discussed in paragraph
§2.2.3] The sampling frequency corresponds to 2 MHz, and the measurement bandwidth is
between 300 and 400 kHz. The reversal parameter F [2.30] lies between -0.3 and -0.05. The
current j, parallel to the magnetic field and the signals of the radial and toroidal magnetic
field as derived from the pick-up coils embedded into the U-probe are considered. They have
been previously numerically integrated so that this analysis was performed on the integrated
data.

The power spectrum has been extrapolated and fitted in the range of frequencies of interest,
namely after the MHD mode and the subsequent drop. The power spectral density (PSD) of
the E.E.A. current is shown for comparison at high theta and high density in figure The
PSD of the toroidal and radial magnetic field was plotted with respect to the ratio f/€2.,, where
f is the scale frequency in kHz, and €., the cyclotron frequency of the ions €., = %, where
B is the poloidal magnetic field at the plasma surface which in the RFP plasma of TPE-1RM20
is equal to 0.13 T [85], which leads to ., = 1 MHz. The same was done for the magnetic field
signals of RFX-mod, whose plasma is characterized by €., = 2.3 MHz . The results are shown
in figure [£.6] In all these cases, the PSD reveals a power-law trend, as it can be deduced from
the linear fits in the logarithmic plots in figures The slope is also indicated. The range
of values f/Q., fitted by the power-law is nearly the same for TPE and RFX, and it can be
observed that in the TPE spectra there is a stronger MHD activity which modifies the energy
cascade at higher frequencies. In particular, a large amount of MHD modes is present in the

power spectrum around 40 kHz.
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Figure 4.6: Power spectra of the signals of the magnetic field measured by the two experiments:
complete signal of the toroidal and radial magnetic field obtained with TPE-1RM20 at high

theta at high density and the numerically integrated signals of the magnetic
field obtained with RFX-mod, radial and toroidal component
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4.3 Data analysis and discussion

4.3.1 LIM method and probability distribution function

The first analysis focused on the single shots of the signal measured by the EEA of TPE-1RM20,
which was appropriately filtered as mentioned before. The Local Intermittency Measure (LIM)
(see definition [3.6) technique was implemented as explained in the flatness factor F[3.7)is
used as indicator of intermittency and the selected events are those regions (where the signal
overcomes a determined threshold) whose effect is to make the Probability Distribution Func-
tion of the signal fluctuations (represented by the wavelet coefficients) strongly non-gaussian
[59]. The implemented algorithm allows to localize in time the peaks (or valleys) on the signal
for a given sampling frequency, which indeed correspond to increased energies of the collected
electrons caused by the non-thermal acceleration of the particles (eventually due to reconnec-
tion events). Three characteristic time scales were chosen, all within the region of power law
decay of the EEA signal: 50, 100 and 150 kHz, which in units normalized to the ion cyclotron
frequency €., correspond respectively to 0.05, 0.1 and 0.15. It is possible to plot the time
instants associated to the fluctuations at the corresponding scale which have been identified as
non-gaussian fluctuations versus a time basis which is the same as that of the signal. Figure
[£77 gives an example of the identified maxima: the continuous lines indicate the occurrences of

the selected fluctuations, namely the intermittent events.
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Figure 4.7: Identification at three sampling frequencies of the intermittent structures resulting
as maxima on the EEA signal, implementing a LIM code. The occurrences of intermittent
events are marked with continuous lines.

As explained in paragraph studying the probability density function (PDF) of fluc-
tuations gives valuable insights about the properties of intermittency. Therefore, the PDF of
the normalized fluctuations of the form W of the perpendicular magnetic field b, , radial
component, was computed using the Castaing’s model [3.10] on the data of both TPE-1RM20
and RFX-mod, as done also in [81], and it is shown in figure In this case o3, is the width
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of the distribution. We can observe how towards higher frequencies (maximum scale in the
plots the deviations from gaussianity are larger with enhanced tails of the distributions,
consistent with the typical effects caused by intermittency and with previous results listed in
section §3.2| (see for example figure . In order to further characterize the intermittency
properties and see how the energy cascade is at different scales, A\? (see equation was plot-
ted with respect to the timescale 7 in the cases at high theta and density of TPE-1RM20 and
RFX-mod displayed in figure The results are consistent for RFX-mod and TPE-1RM20
at high theta showing a power-law relation of type A, = u777, whereas in the case at high
density no homogeneous scaling is found: this might be related to the presence of MHD modes
visible in figure [£.6] which influence the energy cascade at wider tails. Unfortunately, the TPE
device is limited in the frequency range, and it is not possible to attain statistics at frequencies
as high as in the case of RFX, making the modification of the behaviour of the energy cascade
hard to understand at smaller (time) scales. However, the very fact that the PDF alters at

smaller scales suggests additional evidence of the intermittent nature of the system.
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Figure 4.8: PDFs of the normalized fluctuations of the radial magnetic field measured by TPE-
1RM20 at high theta[4.8a] high density [£.8D] high current [£.8c|and for the ground dataset [4.8d]

and RFX-mod
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field fluctuations in the case of TPE-1RM20 and RFX-mod.

4.3.2 Conditional average sampling

The aforementioned code implements the so-called conditional average sampling (c.a.s.), which
is a tool to separate the coherent component of a fluctuating signal from the random component
[71]. By conditional averaging, it is possible to extract the average shape of a burst, assuming
that all the intermittent events in a signal have a similar shape. The identification of coherent
structures is possible imposing a specific condition on the amplitude of the fluctuation. After
the condition is imposed on the whole time series, N identified events are obtained at times
tj for j =0,1,..N — 1. Then, a segment X(Tj) is selected around each of the selected points,
ie. in the range T; € [t; — 7,t; + 7] [71], where 7 is of the order of the correlation time
of the signal [77]. In the end, the coherent part of the signal is obtained by averaging on
these segments. Practically, this translates into using two probes which record simultaneously
two time series: a reference probe (RP) kept at a fixed position, and a movable probe (MP)
scanning the area of interest [(7]. The identification of the structures occurs (imposing the
aforementioned condition) on the time series of the RP, and the relative segment is extracted
out of the time series of the MP. The sample sequences are independent one from the other as
long as tj4q1 —t; < 27.

Initially, the c.a.s. was made on the single signals of the EEA and the magnetic field
of TPE-1RM20. In particular, it was necessary to detrend the signal of the magnetic field
before the procedure. The code returns, for the chosen scale frequency, the adimentional c.a.s.
coefficients building the average shape of the fluctuations, resulting as a peak illustrated in
figure A shot at high theta is given as an example. Logically, as the sampling frequency
increases, the time interval to be analyzed decreases and the peaks become steeper.

After this, the amplitude of the detected intermittent structures was computed to see how
it changes with the different frequencies appearing in the plots [.I0] The results are shown in
figure The amplitude was calculated subtracting from the maximum value an average of
the first ten minimum values of the c.a.s. coeflicients. Also the errors were computed using

the standard theory of the error propagation, starting from the errors on the c.a.s. coefficients
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Figure 4.10: Results obtained after the conditional average sampling (c.a.s.) of the single signals
of the EEA and toroidal magnetic field (above) and radial magnetic field (below) for different
sampling frequencies. On the y and x axis respectively the adimentional c.a.s. coefficients and
the associated time basis. These correspond to a high theta shot.

given by the code. While no clear trend can be recognized on the scaling of the EEA amplitude
(, both components of the magnetic field exhibit a decreasing amplitude
with the scale, with a sort of saturation above 100 kHz.

Following these results, the same analysis involving the conditional average sampling and
the LIM method was applied for a multiple signal containing the EEA signal, plus the four
available signals of the magnetic field (including the measurements of the two perpendicular
components by both separated coils, indicated with subscripts 1 and 2), plus the four signals of
the floating potential (obtained from each probe indicated with subscripts 1,2,3,4). To increase
the statistical significance all the different shots have been considered together as a part of a
single ensemble of a stationary process. Again the same code contains a function which makes
the c.a.s. of multiple signals by taking as reference a signal, which in the case of TPE is the
signal of the E.E.A. current, so that it is possible to verify how all the other signals behave
in the same time interval. First, the c.a.s. of the magnetic field signals is plotted at different
sampling frequencies (written in units of kHz in the titles of the plots) in ﬁgure In this case
the structures are valleys: we assist to a minimum in the toroidal component of the magnetic
field at the edge. As it can be seen in the figure, the relevant results are those obtained from
the magnetic coil n°2. Another thing to be noted is that the two perpendicular components
are m/2 out of phase: when there is a minimum of B,., there is a maximum variation of B; and
vice versa. Moreover, it can be observed that as the frequency increases, the two components
of the magnetic field seem to be less out of phase. The fluctuating components can be better

visualized in figure zooming on a time interval around zero. Such a 7/2-phase relationship
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Figure 4.11: Amplitudes of the c.a.s. structures plotted with the frequency. Results obtained
for the single signals of the EEA (4.114a)), toroidal magnetic field (4.11b)), and radial magnetic

field (Z11d).

is typical for current sheet-like structures.

In particular, the current topology can be inferred looking at the hodogram, namely the
trajectory of the two perpendicular field components in the (B;, B,.) plane (in this case) during
the passage of a current filament [80]. The hodogram exhibits a closed orbit having the shape
of a cardioid if the field-aligned current is bipolar, and of an ellipse if the current is monopolar,
which is common for magnetically-confined plasmas. The signals in figure [{.13] are pretty
similar to those in [80], and therefore an elliptic shape would be expected. In the case of
TPE, the resulting hodograms are shown in figure for a time interval centered in zero (i.e.
around the main valley structure shown in figure . We cannot see any ellipse, which is the
ideal solution to numerical simulations, but closed orbits in the plane (r, ¢) are found anyway.
The non perfect elliptical shape could be due to the fact that we are considering a current
structure moving in a spurious plane, i.e. not perfectly aligned with respect to the considered
coordinates (r and ¢), causing the presence of a spurious component in the current trajectory
leading to a distorted ellipse. Different is the case of RFX-mod, figure [£.I5} the hodogram
seems to have a cardioid-like shape with the cusp at the origin suggesting the shape could be
associated to a bipolar current distribution structure [80]. It is worth clarifying that, since, as
explained previously, the RFX signals are already numerically integrated, their derivative has
been considered in the hodograms to make a fair comparison with the TPE case. Conversely,
it was not possible to integrate the TPE signals, because of the missing information about the
effective area of the probes.

Now, the real target of this work is actually to demonstrate that at the same instant of

time we have:
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1. The fluctuation of the two magnetic field components as obtained above;

2. An electron acceleration, which can be inferred from the EEA signal, and results as a

current discharge, i.e. as a positive peak centered in zero;

3. A variation of the electric field, which can be inferred from the measurements of the
floating potential: if it exhibits a rapid variation, this corresponds to a peak in the
electric field.

Therefore, a comparison was made among the conditional average of the EEA signal, magnetic
field (B; and B,), and the four available shots of the floating potential V¢ of TPE-1RM20. In
addition, an analogous analysis was carried out on the signals of the parallel current j, and
magnetic field of RFX-mod. The reason is that there is no possibility to measure in the same
experiment both the electron acceleration (possible with the EEA of TPE-1IRM20) and the
parallel current (with RFX-mod), and therefore a comparison between the statistics from the
two complementary devices is needed to understand if a correspondence actually exists between
the electron acceleration processes and the increase of the parallel current.

Let us start by showing the results obtained from the statistics regarding TPE-1RM20 and
the EEA: in figure the LIM coefficients building the resulting intermittent structures of
the multiple signals of all the quantities are shown in the case at high theta. Again, the same
three sampling frequencies (in fractions of €., ) were considered. The obtained results provide a
confirmation of the existence of a correspondence among the magnetic fluctuations in the form
of current sheets (as shown in figure [f.13)), the acceleration of the electrons and the variation of
the electric field. In addition, analogous results were achieved considering also the high density
and "ground" datasets, which are shown respectively in figures [£.17] and In the latter
case, the more evident magnetic fluctuations are measured by coil n°1, differently from the
previous cases, and the radial magnetic field from coil 2 B, was amplified in order to see its
very small variations with more clarity. Anyway, in all these cases we can see a positive peak
in the EEA current, a valley in the magnetic fluctuations, and a rapid variation in the floating
potentials. However, when analyzing the case at high current, a kind of peculiar situation is
found, shown in figure[£.19] We cannot assert that there is a correspondence with the magnetic
fluctuations at the time instant of the current discharge: there is a sort of minimum in the
toroidal component B;1, but the same does not apply for Bss and in general it cannot be said
that there is a valley structure. Also in this case the B2 component was amplified in the plot.

Finally, as mentioned previously, the c.a.s. was made on the multiple signal composed by
the radial and toroidal magnetic field measured by RFX-mod with the parallel current j, as
reference signal. The results are shown in figure[£.20] The same three scales were considered. It
is worth repeating that, in the case of RFX-mod, the signals have been numerically integrated,
and therefore the resulting shape visible in figure [£:20]is consistent with the valleys appearing
in the case of the TPE signals in figures [A.16] [{-17] and [£.18] which in this case are connected

to a peak in the parallel current, and so we can assume again the presence of a /2 phase

shift between the toroidal and radial component of the magnetic field. These results confirm
that indeed there is a correspondence between the electron acceleration and the increase of the
parallel current, associated to the presence of current sheets.

Successively, in the case of TPE-1IRM20, the amplitude of the intermittent structures re-
sulting from the c.a.s. of the multiple signals of the EEA and magnetic field (considering only
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Figure 4.16: Intermittent structures resulting from the c.a.s. of the TPE multiple signals of
the EEA, magnetic field (toroidal and radial component B; and B, by both coils 1 and 2), and
floating potentials V g1 2 3 4) for different sampling frequencies [kHz| specified in the titles of the
plots. On the y and x axis respectively the adimensional LIM coefficients and the associated
time basis. This is the case at high theta.
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Figure 4.17: Intermittent structures resulting from the c.a.s. of the TPE multiple signals of
the EEA, magnetic field (toroidal and radial component B; and B, by both coils 1 and 2), and
floating potentials V[ o 3 4) for different sampling frequencies [kHz| specified in the titles of the

plots. On the y and x axis respectively the adimentional LIM coefficients and the associated
time basis. This is the case at high density.
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Figure 4.18: Intermittent structures resulting from the c.a.s. of the TPE multiple signals of
the EEA, magnetic field (toroidal and radial component B; and B, by both coils 1 and 2), and
floating potentials V[ o 3 4) for different sampling frequencies [kHz| specified in the titles of the
plots. On the y and x axis respectively the adimentional LIM coefficients and the associated
time basis. This is the case of the "ground" dataset.
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Figure 4.19: Intermittent structures resulting from the c.a.s. of the TPE multiple signals of
the EEA, magnetic field (toroidal and radial component B; and B,. by both coils 1 and 2), and
floating potentials V[ o 3 4) for different sampling frequencies [kHz| specified in the titles of the
plots. On the y and x axis respectively the adimentional LIM coefficients and the associated
time basis. This is the case at high current.
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Figure 4.20: Intermittent structures resulting from the c.a.s. of the RFX multiple signal of
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normalized frequencies. On the y and x axis respectively the adimentional LIM coefficients
and the associated time basis.

the signals from one coil) was computed, in the same way as done previously in the single
shot analysis. This was done at different sampling frequencies and using all the four types of
datasets: high theta (figure [{.21]), high density (figure [£.22), high current (figure [£.23), and
"ground" (figure . Looking at the figures, we cannot say there is a linear relation be-
tween the amplitude of the structures and the frequency either in the case of multiple signals.
The amplitude often decreases at larger frequencies, but this is not even always true, so we

cannot state that there is some dependence on the scale.
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Figure 4.21: Amplitudes of the c.a.s. structures plotted with the frequency. Results obtained

for the multiple signals of
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Figure 4.25: Histograms of the waiting times as a function of the frequency. Results obtained
for the multiple signals of TPE-IRM20 of the toroidal magnetic field B, (left) and radial
magnetic field B, (right) at high theta (above) and high density (below).

4.3.3 Study of the distribution of the waiting times

After these results the analysis continued, initially focusing on the TPE signals of the two
perpendicular magnetic field components containing all the available high theta (and high
density) shots. The scope of this part was to extrapolate the waiting times (using the same
LIM code), which are defined as the times running between one detected peak of the LIM and
the following one. The waiting times give important insights about the statistical properties of
the acceleration process: if their distribution P(At¢) exhibits an exponential behaviour, namely
is a convolution of an exponential function describing a Poisson process [41], it means that the
process is merely random, whereas a power-law trend implies that a memory is present in the
process, and suggests that it depends on the frequency, and so it is somehow correlated with
time.

The waiting times are organized in histograms to investigate how their distribution changes
for different frequencies in order to find some correlation with the scale. The results are
illustrated in figure .25} a kind of power law distribution is found, whose index changes
with the frequency. Therefore, it can be asserted that the waiting times, i.e. the time between
consecutive occurrences of the bursting events, depend on the scale. Similar results are obtained
in the case of the waiting times between the events detected in the signal of the E.E.A. current
measured by TPE-1RM20, and the parallel current j, measured by RFX-mod, shown in figure
[£26] To better visualize the possible power-law trend a fit for each scale frequency was done

and it was found that the waiting times distribution actually follows a power law with an
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Figure 4.26: Histogram of the waiting times as a function of the frequency. Results obtained
for the signal of the EEA measured by TPE-1RM20 (left) and parallel current measured by
RFX-mod (right). The distribution was fitted with a power law plus exponential cut-off.

exponential cut-off of the form [81]:
P(At) = AAt™ “ exp —At/T. (4.2)

The slope « of the power law and the cut-off exponent T, of the scaling are shown too in figure
The fact that at each time scale the distribution follows the same kind of profile suggests
that the statistical properties of the events are similar at any scale (self-similarity in time).
Furthermore, additional confirmation of the dependence of the waiting times distribution on
the scale has been provided by plotting the variation of the T, exponent and power-law slope
« in the frequency range of the power spectrum affected by the power-law decay, namely at
the higher frequencies where turbulence is completely developed. In particular, in figure
T. seems to decrease with the frequency, but the trend of the power-law slope stands out: it is

possible to see clearly how it increases with the frequency.
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4.3.4 Correlation with the reversal parameter

In order to further study the correlation among all the involved phenomena, the reversal
parameter F' (definition measured by TPE-1RM20 was introduced in the analysis. The
intermittent structures detected by the LIM were plotted again to see how they dislocate in
time with respect to the trace of the F' parameter. In fact, as mentioned in paragraph
a minimum in its time trace indicates a decrease in the toroidal component of the magnetic
field at the edge plasma region, which is one of the subsequent phases characterizing magnetic
reconnection. In this case, the analysis was limited to single shots and not multiple signals,
and it was carried out for different sampling frequencies (again 50, 100, and 150 kHz). Only
the high theta shots were considered because the variation of the flux is more significant and
the events result to be more important at high values of theta. Figure [{:28] gives an example
of the detected maxima, which are identified on the time series of the F' parameter as vertical
dashed lines. In particular, clusters of the detected intermittent structures are expected close
to the minima of the F' fluctuations: more exactly in the decreasing phases, and this is in
agreement with what is seen in figure [{:28] However, we can also observe that some structures
are detected in the regions where the signal increases: this makes sense because it may indicate
the reconnection event occurring after the current discharge (i.e. the peak in the electron
current).

In the end, the aim was to quantify the number of intermittent structures in a shot by
looking at how their average frequency (namely the frequency of the time delay between the
peaks) changes or rather increases when there is the minimum of the reconnection event (cor-
responding to a minimum in the F' parameter). Working with different sampling frequencies,
it is possible to notice any difference in the characteristic scales, and infer if some coherent
structures are privileged at a precise location. In order to get this information, the waiting

times were used: by plotting them with respect to the F' parameter it is possible to see if min-
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Figure 4.28: Time trace of the adimentional reversal parameter F on which the detected
maxima are plotted as vertical dashed lines at 50, 100, and 150 kHz. This is a high theta shot.
The F parameter trace and the maxima array share the same time basis on axis x.

imum values of the waiting times, that is, maximum values of the frequency of occurrence of
the reconnection events, correspond (in time) to minima of the F' fluctuations. A first attempt
was to plot together the waiting times and the F' parameter creating a fictitious time array for
the waiting times which corresponds to the time intervals between two consecutive detected
maxima, but by eye it was hard to discriminate if the two signals were in phase. Therefore, the
cross correlation method was used which measures the similarity between two time series as a
function of the relative displacement between them. The function numpy.correlate returns the

values of the correlation parameter

Rij = ——
CiiCyj

with C being the covariance matrix, as a function of the time lag, i.e., the number of periods
separating the two series, shifting one signal with respect to the other. The time basis is
fictitious and centered in zero, and the correlation coefficients are normalized such that they
run from -1 to +1, where the negative values indicate an anti-correlation, whereas a relevant
correlation exhibits positive enough values. In order to make this operation, the two functions
to be correlated need to have the same time basis, thus an interpolation was made on F. The
expected result is a bell-shaped function and the characteristic time can be inferred from the
distance which covers the decreasing and increasing region with respect to the central peak.
The output is an array with double dimension with respect to the initial time basis. We can plot
this function for different cases to see if there is a dependence on the characteristic frequency.
The presence of a clear peak is a confirmation of the existence of a correlation between the two
quantities. These statistics were applied to arbitrary shots contained in all the available kinds
of datasets, but only the relevant results are reported. The first example is given in figure [4.29]
by a shot at high current where the correlation even exceeds 0.7 in correspondence of the peak
at 50 and 100 kHz. The correlation is found also at high theta in figure [£.30] where the peak
is clear enough at all frequencies. Different is the situation at high density and in the case of
the "ground" dataset, for whom a well defined peak was not observed at 50 kHz. Therefore,
in figures [£.31] and [4:32] only the results at 100 and 150 kHz are shown.
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Figure 4.29: Results obtained after the cross correlation between the reversal parameter F' and
the frequency of the intermittent events corresponding to the inverse of the waiting times. This
is a single arbitrary shot at high current.
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Figure 4.30: Results obtained after the cross correlation between the reversal parameter F' and
the frequency of the intermittent events corresponding to the inverse of the waiting times. This
is a single arbitrary shot at high theta.
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Figure 4.31: Results obtained after the cross correlation between the reversal parameter F
and the frequency of the intermittent events corresponding to the inverse of the waiting times.
These are arbitrary shots at high density. Only the relevant results (at 100 and 150 kHz) are
reported.

Correlation at 100 kHz Correlation at 150 kHz
0.8
0.6

0.7
« ]
+ 06 « 05
2 ]
o ©
g 0.5 E 0.4
] =
2 04 &
S S 0.3
% 0.3 rij
= 5 0.2
§ 02 S

0.1 0.1 4

0.0 0.0 1

-0.20 -0.15 -0.10 -0.05 0.00 005 010 015 0.20 -0.15 -0.10 —-0.05  0.00 0.05 0.10 0.15
Fictitious time array[ms] Fictitious time array[ms]

Figure 4.32: Results obtained after the cross correlation between the reversal parameter F'
and the frequency of the intermittent events corresponding to the inverse of the waiting times.
These are arbitrary shots of the "ground" dataset. Only the relevant results (at 100 and 150
kHz) are reported.
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In conclusion, we can confirm that a correlation exists between the inverse of the waiting
times and the reversal parameter which means that the frequency of the turbulent events
increases when there is the minimum of the F' parameter, namely, during the reconnection

events.

76



4.4 Results

Hereafter a brief summary follows of the principal results achieved with the data analysis.
First, it has been proved that the signal of the electron current (measured by the EEA of TPE-
1RM20) and magnetic field present an intermittent nature, since bursting events have been
detected (fig. , and their typical effect on the PDFs has been observed (fig. , which
exhibit larger deviations from the gaussian distribution and enhanced tails at higher frequency.
The bursting events result on the signals of TPE as a peak in the electron current and a rapid
variation in the electron potential revealing the presence of fast electrons (fig.
, and, on the other hand, they are associated to parallel currents measured by RFX (fig.
. In particular, both electron current and parallel current are associated with magnetic
fluctuations presenting the typical phase quadrature relation between radial and toroidal field
consistent with current sheet structures (fig. and closed orbits in the hodogram (fig.
[4.15). The distribution of the waiting times follows a power-law (plus an exponential
cut-off) with respect to the frequency (fig. , meaning that the process is time-correlated
and self-similar. In particular, the power-law slope clearly increases with the frequency (fig.
. Moreover, the waiting times distribution is highly correlated with the time evolution of
the reversal parameter, indicating the generation of the macroscopic toroidal flux accompanied
by the decrease in the edge of the toroidal magnetic field, typical phenomena occurring during
magnetic reconnection.

In conclusion, the effects of magnetic reconnection on RFP plasmas have been revealed: it
causes the formation of current structures associated to the formation of a population of fast
electrons and an intense MHD activity observed in the boundary region, making the spectrum

turbulent and intermittent.
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Chapter 5

Conclusion

In this thesis the burst phenomena associated to electron accelerations occurring in turbulent
magnetized plasmas have been investigated, with particular focus on their relation to magnetic
reconnection. Many examples of astrophysical plasmas where these processes occur have been
proposed (see , but the environment in which such hypotheses have been tested during
this work is laboratory plasmas in the Reversed Field Pinch configuration. For this aim, a
review has been first provided of the principal concepts regarding the theory of magnetohy-
drodynamics (7 magnetic confinement of fusion-oriented toroidal plasmas (7 and
magnetic reconnection (, which has been identified as the cause for particle acceleration.
Successively, an overview about turbulence in MHD flows has been presented (7 in order
to offer all the necessary background to understand the tools used in the data analysis, mainly
wavelet transforms, Probability Distribution Function of the fluctuations, and Local Intermit-
tency Measurement method. Finally, the diagnostics of the devices used to collect the data for
the analysis has been described in

The data analysis provided satisfying results. The enhanced tails in the PDFs (figure
revealed the intermittent nature of the acceleration events identified as non-gaussian fluctua-
tions, while the Power Spectral Density unveiled the impact of an intense MHD activity on the
spectrum at lower frequency (see figure , which can also impact our understanding of the
dynamics at smaller timescales. As can be observed in figure the events are correlated in
time with the variations in the reversal parameter describing the phases of a reconnection pro-
cess. Figures[£.16} [£.17] .18 .19] and [£.20] confirm that the peak in both electron acceleration

and parallel current is associated to magnetic fluctuations, which exhibit features attributable

to current sheet structures, in addition to a specific pattern in the floating potential showing
the electric field variation. For all these reasons, it can be concluded that actually there exists
a correlation between electron accelerations causing the observed bursting events and magnetic
reconnection in magnetized plasmas affected by turbulence.

However, the investigation does not end here, since subsequent developments from a numer-
ical point of view are planned: it is possible to numerically simulate a plasma characterized by
conditions similar to those of toroidal RFP plasmas on which this analysis has been conducted.
Such a model could include the presence of current sheets in the MHD regime, in order to
verify what kind of influence they exert on acceleration mechanisms. In the end, the findings

could be applicable even to astrophysical plasmas. This will be part of a future work.
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Furthermore, the issue of the correlation between fast electrons and magnetic reconnection
will also be addressed in another experiment, RFX-mod2, which will be started again in 2025,
in collaboration with a group of researchers of the Mullard Space Science Laboratory (UCL).
The device will be adapted with the aim of building new diagnostics to determine and study the
distribution function of electrons and ions which could offer more detailed information about
the acceleration processes and their relation to reconnection.

In conclusion, there is still a lot of uncertainty about the fundamental and frequent ac-
celeration processes occurring both in laboratory and astrophysical plasmas, which can make
the particles reach very high energies, leading to important consequences on the environment
they are part of. Moreover, such studies acquire a much more general relevance when consider-
ing that they could provide us with useful insights into processes, like magnetic reconnection,
occurring in all the diverse kinds of magnetic fields permeating our universe, unveiling the

complexity of the underlying physics.
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