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In a highly magnetized plasma, the motion of electrons is strongly linked to the
dynamics of the magnetic field lines. For this reason, the electron behaviour becomes
partcularly interestng in regions where significant changes of the magrtepobgy
occur, as in the case of magnetic reconnection. Energetic electrons peaked around the X
line are seen during magnetic reconnection events, such as sawtooth crashes and
disruptions, in tokamak experiments [1] [2]. Collisionless reconnectiom@awunt for fast
relaxations in laboratory fusion plasmas, where the temperature is so high that the
relaxation time can be shorter than the eleeimoncollision time and therefore resistivity
can be neglected. The aim of the present work is to investiga electron dynamics in the
presence of the electric and magnetic fields that are characteristic of collisionless magnetic
reconnection in a strongly magnetized plasma. We consider -8uidianodel describing
the reconnection process, which includies &ffects of the electron parallel compressibility
and of the electron inertia in Ohm’s law and assumes that the electron temperature is
constant during all stages of the process in the reconnection domain. This model leads to a
sysem d two differential equatons expressing the evolution in time of the generalized

flux function F =y +dZJ and of the vorticityl = 0%, wherey (x,y,t) is the magnetic

flux function, J =-0% is the current densityg is the stream function (related to the

electrostati potental ® by =®/B,), d, = me/(uonez) is the electron skin depth and
p.=T.m/(eB)’ is the in sound Larmor radius I3
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These equations are normalized to the macroscopic scale ldngthnd to the Alfvén

time, T, =/HonM L,/ B,,, with B, = max(By_eq(x)) at t =0. Here, a 2D configuration
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with a strong (constant) magnetic field in thdirection has been considered and the
coordnate along wasneglected. In order to studlge changes occurring in the parameters

of the electron population, such as the density and the temperature, a kinetic code has been
written. Ad f method is adopted to simulate the perturbed electistnitzlition function,

which allovs us to resok small flucuations in the distribution function away from its
equilibrium Maxwellian state. A 2D fluid code [4], based on the reconnection model

described above, solves eqgs. (1) and (2) as an initial vatldem, with no equilibrium

electric field and an equiliboium magnetic flux functiap, =1.3/cost(x) (the

coefficient 1.3 has been fixed in such a way that the corresponding magnetic field is
always normalized to unity)The boundary conditions aperiodic along they direction,

while in the x direction the box size is large enough to allow vanishing boundary
conditions for the perturbed fieldis and ¢. At each time step, the electron kinetic code
reads he perturbed fields provided by the fluid code, and calculates the parallel electric
field E =-0,® -0y /at, simullaneously advancing the spatial location of each marker,
its parallel position and the change in its weight. We investigated a cudsso
reconnection process referring to an unstable equilibrium flux in the limit of a large tearing
mode stability parameted’ (in our case,A'=59.9 for the m=1 mode). The initial
tenperature and density of electrons are derived from the input parameters of the

reconnection codeg, and p,. In order to vefy whether the electric field created during

the magnetic reconnection process leads to the generdtisuprathermal electrons, for
which %mv2 > %kTe, a retvistic Hamiltonian formulation othe electronguiding-centre

dynamics was chosen [5]. Our simulations have been carried out considering a guide field
(that can be viewed as the equivalent of the torciédd in a bkanmak) B, =1T, a

3

‘poloidal’ field B,, =0.1B,, an electron densityn=10"m™ and an inial electon

tenperature ofl keV. 400,000 electrons are initially loaded in theD4phasespace

(X,Y,p, Py) as a shifted Maxwellian centered about the equilibrium parallel momentum

P derived from the equilibrium current densify, = J,,/(mne). The investigation of
single electron orbits shows that, while the particles follow the field lines as ekpecte
during the linear phase, the structure of the parallel electric field becomes much more

conplex in the supeiexponential phase (when it reaches values of the orded’ of// m),

thus allowing only a small fraction of electrons not to bepped’ in the wells of the
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electric potential. This is confirmed by the evolution of the equilibrium Maxwellian
distribution function of electrons, whose tail is slightly deformed during the -super
exponential phase of the process although, also atries tio electrons, freely streaming
along the magnetic field lines, reach relativistic velocities.

The ‘parallel’ electron temperatui®, = p,/n, calculated as the ratio between the second

and the zeroth order moments of the distribution tion¢ renains unifomly distributed in

the spatial domain during the linear phase and reflects the behaviour of the pressure during
the nonlinear stage of the reconnection process, where two hotter regions may be observed
at the bcatbn of the regions wiit larger pressure and density. The value of the temperature

in these regions rises M = 3.5 keV, more than three times the value of the temperature

att =0, while T, is about one half of the initial tgraraturen the coldest regions (Fig.1).
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Figure 1. Initial temperature: 1 keV. The reconnected flux as a function of time (in
logarithmic scale) (a) andontour pbt of the arising magnetic island (b) taken from the
fluid code. Contour plots of the electron density @m®) (c) and of the electron

tenperature (@ eV) (d) calculated in the kinetic code during the nonlinear phase.

This result is confirmed when considering an initial electron temperatut2okeV. In
this case, however, the evolution of the reconnection process is much slower and the value

of the parallel electric field is about 5 times smaller thanhm X keV case. Thus, the
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ExB drift does not rave away too rapidly electrons from the region in the vicinity of the
X-line, where the electric field is initially stronger. A large fraction of the bulk electrons
can theefore enhance its velocity, thus becoming suprathermal. Therefore, the deformation
of the distribution function in the nonlinear phase is much more significant than in the
1 keV case (Fig.2). Electrons keep streaming along the magnelticlifies almst untl

the end of the nonlinear stage, when they become trapped and two hotter regions (with a

maximum peak of about keV) form along the separatrix.

Figure 2. Inred: evolution of the distribution function in tfge2 keV case during the last

steps of the reconnection process. The blue profile shows the distributio® at

In conclusion, the behaviour of electrons in the figlds/ided by the fluid code shows that

the isothermal assumption of the fluid model is not valid during the nonlinear phase of the
reconnection process, although only a -selisistent approach, where the current
calculated in the kinetic code would bed fback to the fluid code, would allow us to
evaluate in more detail whether the isothermal closure is too rough an approximation. If
this were the case, the fluid model should be modified, by including hayder noments

of the distribution function iniie description of the reconnection process.

References

[1] P. V. Savrukhin, Phys. Rev. Lett. 86, 3036 (2001)

[2] I. Klimanov, A. Fasoli, T. P. Goodman and the TCV ted&tasma Phys. Control
Fusion 49, L1 (2007)

[3] T. J. Schep, F. Pegoraro and B. N. Kumev, Phys. Rismas 1, 2843 (1994)

[4] F. Porcdl, D. Borgogno, F. Cédhno, D. Grasso, M. Ottaghi and F. Pegoraro, Plasma
Phys. ControlFusion 44, B389 (2002)

[5] A. J. Brizard and A. A. Chamihys. Plasmas 6, 4548 (1999)



