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Abstract

Magnetic reconnection is a fundamental plasma process that is breaking and topolog-

ical rearrangement of magnetic field lines in plasma during which the fast conversion

from magnetic energy to particle energy occurs through acceleration and/or heating. In

this dissertation, we examine how magnetic energy is converted into electron kinetic and

thermal energy during magnetic reconnection with a guide-field using fully kinetic 2.5D

particle-in-cell (PIC) simulations and laboratory experiments in UTST and MRX.

The 2D electron temperature profile obtained using Thomson scattering measurement

system and triple Langmuir probes in UTST and MRX respectively shows that electrons

are heated around the X-point. Measurements and analyses suggest that electrons are

heated by anomalous resistivity, but the precise mechanisms that generate the anomalous

resistivity remain unknown. The classical Ohmic dissipation based on the perpendicular

Spitzer resistivity cannot explain the measured 2D temperature profile. The required

heating power exceeds that of classical Ohmic dissipation by a factor due to the high

electron temperature. To explain the high electron temperature, the Ohmic dissipation

must be larger than the classical value, indicating the presence of anomalous resistivity.

Magnetic and electrostatic fluctuations in the lower hybrid frequency range are observed

near the X-point. These fluctuations may contribute to the observed non-classical electron

heating, but additional measurements on the wave characteristics are required to draw

definitive conclusions.

The 1D electron temperature profile with three different guide-field ratio in MRX sug-

gests that the guide-field ratio plays a key role on the electron heating near the X-point.

The parallel component of the magnetic energy dissipation is dominant in all three dif-

ferent guide-field ratio 1-3. Since this trend is also observed in 2D PASMO simulation

qualitatively, the parallel acceleration is a strong candidate for the electron energization

in the vicinity of the X-point.
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The electron perpendicular heating mainly due to the breaking of magnetic moment con-

servation in the high density separatrix is observed in 2D PASMO simulation. The charge

separation generates intense variation of electric field, which is sustained by the non-ideal

effects within the several electron Larmor radii. Meanwhile, electron perpendicular accel-

eration takes place manly due to the polarization drift term as well as the curvature drift

term of the magnetic energy dissipation in the downstream near the X-point. This energy

conversion mechanism can explain the elongated profile of the high electron temperature

measured in MRX.
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Chapter 1

Introduction

1.1 Magnetic Reconnection

The concept of magnetic reconnection was first suggested as a mechanism for particle

acceleration in solar flares [1]. Since then, magnetic reconnection has been recognized as

one of the fundamental processes in magnetized plasmas, whether in the laboratory, the

solar system, or distant objects in the universe. It is widely believed that reconnection

plays a key role not only in dynamic phenomena in the solar system such as solar flares,

coronal mass ejections and magnetospheric substorms [2; 3; 4]. It also observed as the

self-organization process in fusion plasmas, typically disruptions of tokamak discharge

[5; 6].

Fundamentally, magnetic reconnection is the breaking and topological rearrangement of

magnetic field lines in plasma during which the fast conversion from magnetic energy to

particle energy occurs through acceleration and/or heating. Figure 1.1 shows a schematic

view of magnetic reconnection. When highly conductive plasmas carrying anti-parallel

magnetic field lines are brought together, a sheet-like field discontinuity, which corresponds

to singularities of the current density would be caused, called “current sheet”. In the

framework of ideal magnetohydrodynamics (MHD), magnetic field lines are frozen-in to

the plasma and remain intact. However, when a pair of field lines approach each other,

non-ideal effects become locally important. Then, a dissipation of current sheet allows the

plasma diffusion and magnetic reconnection to occur.

Magnetic reconnection involves both a global process and a local process at the same

time. Therefore, the dynamics of reconnection depend on both the local plasma parame-

ters and the global boundary conditions. This is the reason that significant work remains



2 Chapter 1 Introduction

Inflow

Outflow

(a) (b)

Figure 1.1: Schematic view of magnetic reconnection. (a) Before reconnection, two differ-

ent field lines approach each other so that non-ideal MHD effects become important in the

vicinity of the X-point. (b) After reconnection, newly reconnected field lines have high

tension and therefore quickly pull away from the X-point.

in order to understand this intriguing phenomenon in spite of the progress made in the

past few decades. The progress in understanding the physics of magnetic reconnection has

been made from various sources: space and astrophysical observations, theory and numer-

ical simulations, and laboratory experiments. Space and astrophysical observations have

provided evidence that magnetic reconnection plays a key role in natural plasmas. Theory

and numerical simulations provide breaking down the complex reconnection phenomena

into a set of simpler processes and to gain improved physics understanding of each process.

Laboratory experiments dedicated to the study of the fundamental reconnection physics

measure the key plasma parameters at large number of points in the reconnection region.

1.1.1 Magnetic Induction and Frozen-in Fields

An important concept of magnetic reconnection is the motion of the magnetic field lines

in the plasma. Now, we consider a non-ideal MHD plasma, then the generalized Ohm’s

law is described as:

E + v ×B = ηj, (1.1)

where η is a scalar plasma resistivity. The change of magnetic field is given by Faraday’s

law:

∂B

∂t
= −∇×E. (1.2)
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From Eq.(1.1) and Eq.(1.2), The change of magnetic field is described as:

∂B

∂t
= −(∇× ηj) +∇× (v ×B). (1.3)

Inserting Ampère′s law, Eq.(1.3) becomes

∂B

∂t
= − η

µ0
[∇× (∇×B)] +∇× (v ×B) (1.4)

= ∇× (v ×B) +
η

µ0
∇2B. (1.5)

This is known as the induction equation whose the first term on the right hand side

represents the advection of field by the flow, and the second term represents a diffusion of

the magnetic field due to the resistivity.

In most cases, the resistivity is very small. When we neglect the resistivity (assume

η ≃ 0), Eq.(1.5) would be simplified to

∂B

∂t
= ∇× (v ×B), (1.6)

which has the form of a continuity equation for the vector field B.

If we now consider the magnetic flux through an arbitrary surface S bounded by a closed

curve l, moving with the stream velocity v, the magnetic flux Ψ is given by

Ψ =

∫

S
B · dS. (1.7)

The convective derivative of magnetic flux Ψ is then described as:

dΨ

dt
=

∫

S

∂B

∂t
· dS +

∮

l
B · (v × dl), (1.8)

and hence

dΨ

dt
=

∫

S

[
∂B

∂t
−∇× (v ×B)

]
· dS, (1.9)

since

∮

l
B · (v × dl) = −

∮

l
(v ×B) · dl (1.10)

= −
∫

S
∇× (v ×B) dS, (1.11)

by Stoke’s theorem. Sweeping the boundary curve l along the magnetic field lines defines

a tube, called a magnetic flux tube. In the ideal MHD, the right hand side of Eq.(1.9)
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is zero, called “frozen-in” condition. When this is valid then the magnetic field lines will

move with the plasma as it moves. In Eq.(1.5), the magnetic field lines are not exactly

tied to the plasma but can slip this distance. If this distance is small compared to the

typical scale of the plasma then we can consider the magnetic field as frozen even if the

resistivity is not exactly zero.

Therefore, the frozen-in law of ideal MHD states that magnetic field lines cannot be

broken. However, if a finite resistivity exists, field lines can ”slip” through a plasma by

diffusion. This diffusion time scale τd = L2µ0/η in a typical astrophysical plasma is too

enormous to explain explosive phenomena such as solar flares. Here, L is a characteristic

length scale of the system, µ0 is the permeability of free space, and η is plasma resistivity.

For a typical solar flare, τd is about 1014 s, while the observed duration of a solar flare is

less than 103 s.

1.1.2 Resistive MHD Models

Sweet-Parker Model

The first model for magnetic reconnection was given independently by Sweet [7] and

Parker [8], who approximated the phenomenon as a two-dimensional incompressible MHD

phenomenon. Since the contributions of the two authors although independent were

roughly equal in importance, their reconnection model has consistently been referred to as

the Sweet-Parker model, which is based on resistive MHD and the Spitzer resistivity [9].

The Sweet-Parker model suggested that the growth of the current density during current

sheet thinning saturates because finite resistivity leads to magnetic field diffusion, which

balances the convective magnetic flux transport into the sheet. Therefore, the resistivity

introduced magnetic reconnection; magnetic flux is transported into the sheet, reconnected

and swept out of the sheet. Figure 1.2 shows the configuration of the Sweet-Parker model.

Assuming incompressible motions, the stationary state is characterized by six values, three

describing the dynamics.

1. the (poloidal) magnetic field B0 immediately outside the current sheet, called the

upstream field (the downstream field is negligible)

2. the upstream flow u0 perpendicular to the field

3. the downstream flow v0 along the field taken as the current sheet edge.
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Figure 1.2: Schematic view of Sweet-Parker model. The current sheet which is red region

is characterized by its thickness δ and width L.

4. the current sheet length L

5. the current sheet width δ

6. the plasma resistivity (diffusion coefficient) η

These six values are connected by three relations derived from the continuity equation,

Ohm’s law and the equation of motion, assuming stationary. First, integrating the con-

tinuity equation ∇ · ρv = 0 over a quadrant of the current sheet and assuming constant

density gives:

u0L = v0δ, (1.12)

where ρ is the mass density.

Next, we consider the generalized Ohm’s law to describe the electric field:

E = −(v ×B) + ηj. (1.13)

Stationary requires Ey to be uniform in space. In the center of current sheet, the velocity

vanished, as a result the resistive term dominates:

Ey = ηjy. (1.14)
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On the other hand, in the upstream region outside the current sheet, where the current

density is small (ideal MHD condition is assumed), the resistive term is negligible:

Ey = −u0B0. (1.15)

This equation shows that the inflow plasma velocity is given by the E×B drift. Therefore,

a relation is obtained as:

u0B0 = ηjy ≃ ηB0

µ0δ
. (1.16)

Next, consider the force balance across the current sheet (the inertia term is negligible).

Hence

∂

∂z

(
p+

B2

2µ0

)
= 0, (1.17)

which gives:

B2
0

2µ0
= pmax − p0, (1.18)

where pmax is the maximum pressure in the sheet center, where the (poloidal) magnetic

field vanishes and p0 is the upstream fluid pressure. Now, we consider the force balance

along the mid-plane of the current sheet (z = 0). Since Bz is negligible, only the pressure

force accelerates the fluid along the sheet due to no magnetic force:

vx
∂vx
∂x

= −∂p
∂x

. (1.19)

By integrating between center and edge yields, then it is obtained as:

ρ

2
v20 = pmax − p0. (1.20)

Here, the current sheet edge x = L is defined by the vanishing of the pressure difference

across the sheet. From Eq.(1.19) and Eq.(1.20), we find the important result:

v20 = v2A =
B2

0

µ0ρ
, (1.21)

where vA is the Alfvén speed. The downstream outflow velocity equals the upstream Alfvén

speed. This result also can be obtained from the vorticity equation without considering

the pressure, which in incompressible theory is only an auxiliary quantity.
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Using these relations, we can express two of the remaining values in terms of the other

three:

M =
u0

v0
=

u0

vA
=

1√
S
, (1.22)

where S is the Lundquist number:

S =
µ0LvA
η

. (1.23)

Here we have introduced the Mach number M , which has been often used as a dimen-

sionless measure of reconnection rate. The Sweet-Parker model narrowed the huge gap

between theory and observation. The field lines need to diffuse only over δ, so that the

required diffusion time scale reduces significantly. The Sweet-Parker reconnection time

τSP is given by the geometric mean of the diffusion time and the Alfvén time as

τSP =
√
τdτA =

√
SτA, (1.24)

where τd = L2µ0/η and τA = L/VA. However, it was quickly realized that the Sweet-

Parker reconnection model is still not adequate for astrophysical phenomena since S is

usually large for astrophysical plasmas. For example, S is on the order of 105 in a typical

solar flare, which gives the Sweet-Parker time of about 107 s, which is still far too slow.

Petschek Model

When Petschek introduced a new reconnection model [10] that allows a much faster en-

ergy release, the discrepancy between the Sweet-Parker model and the reality was seemed

to be solved. The Petschek model is the introduction of a shock mediating the upstream-

downstream transition which would greatly speed up the downstream outflow and reducing

the size of the diffusion region, as shown in Fig.1.3. The reconnection diffusion region be-

comes X-shaped rather than double Y-shaped as in the Sweet-Parker model. Since the

flow is sub-Alfvénic, these shocks have the characteristic properties of slow mode, then

called slow shock.

Petschek showed that all the MHD relations were satisfied independent of the choice for

the diffusion region length L∗, so it appears that L∗ could be arbitrarily small. Petschek
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Figure 1.3: Schematic view of Petschek model. The reconnection rate is approximately

three orders of magnitude faster than the Sweet-Parker model and the slow shocks provide

energy conversion from magnetic energy to kinetic energy in Petschek model.

found that there is a limit on the shortness of this length:

L∗ > L
(lnS)2

S
, (1.25)

at which length the current in the shocks seriously perturbs the upstream flow. Also,

Petschek derived an approximate analytical solution for the small shock angle α≪ 1, and

estimates the maximum achievable Mach number:

M =
π

8 lnS
, (1.26)

which is approximately three orders of magnitude faster than the Sweet-Parker model. In

this case, the maximum reconnection time scales as (lnS)τA, which can be a few percent of

the Alfvén time, fast enough to account for astrophysical phenomena. The model was soon

generally accepted and widely cited over the following two decades. In the 1980s, however,

researchers started to realize that the Petschek model is not a self-consistent resistive

MHD model. Numerical simulations with spatially uniform resistivity cannot reproduce

Petschek’s configuration [11]. It was also showed that the Petschek-type diffusion region

can be maintained if anomalous resistivity is enforced locally at the diffusion region [12].

This means that Petschek model is just a possible resistive MHD configuration if there is

an effective fast reconnection mechanism at the X-point.
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Figure 1.4: Schematic view of two-fluid dynamics in the reconnection layer. Ions decouple

from electrons in the ion diffusion region whose width is on the order of the ion skin depth

δi. Electrons are frozen in the magnetic lines until they reach to the electron diffusion

region of the width on the order of the electron skin depth δe.

1.1.3 Two-Fluid Model

In addition to the fact that the Petschek model was not supported by MHD simulations,

more observations in magnetospheric and hot fusion plasmas supported the assertion that

the reconnection rate is still fast even in collision-less plasmas. These observations suggest

that the physics of fast reconnection are something beyond resistive MHD.

The importance of two-fluid effects in the diffusion region was first recognized by Son-

nerup [13]. Ions become unmagnetized first and form an ion diffusion region of the length

scale on the ion skin depth δi ≡ c/ωpi = VA/ωci as shown in Fig.1.4. Here, ωpi is the ion

plasma oscillation frequency and ωci is the ion cyclotron frequency. On the other hand,

electrons are tied to the magnetic field until they reach an electron diffusion region of the

much smaller length scale on the electron skin depth δe ≡ c/ωpe.

The mathematical difference between MHD and two-fluid theory appears in the different

Ohm’s laws. In the two-fluid regime, the MHD Ohm’s law (Eq.(1.1)) can be rewritten as:

E + v ×B − j ×B

en
+

1

en
∇ · Pe +

m

e

dv

dt
= ηj, (1.27)

where Pe is the electron pressure tensor. This equation is correct even for MHD and is
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reduced to the ordinary Ohm’s law by setting ve = vi = v and neglecting the electron

inertia and the pressure tensor terms. The generalized form of Ohm’s law is identical to

the equation of motion for electrons:

nm
dv

dt
= −∇ · Pe − en (E + ve ×B) , (1.28)

because j = en(vi − ve) and v = vi.

Since electrons are still magnetized in the ion diffusion region, they flow in along the

reconnecting field lines in the inflow region and out along the reconnected lines in the

outflow regions. This difference in behavior between electrons and ions leads to a strong

Hall effect from the J ×B force inside the ion diffusion region.

The two-fluid effect is brought out by the example of a 2D reconnection problem in

the x-y plane where the reconnection field is along the y direction. If the initial out-of-

plane field Bz is zero (no guide field), there can be no Bz field in MHD theory because

a symmetry requires the toroidal z component and the poloidal x and z components.

In two-fluid theory, however, this symmetry is broken by the Hall term, which produce

a quadruple out-of-plane magnetic field. It has been considered a signature of the Hall

effect ever since. The existence of the Hall effect is supported by various space observations

[14; 15; 16] and laboratory experiments [17; 18].

1.1.4 Kinetic Effects on Magnetic Reconnection

It is now widely accepted that two-fluid effects facilitate fast reconnection. The justifica-

tion for using fluid models, however, is based on frequent collisions between particles. The

fluid models cannot be used in relatively collision-less plasmas where fast reconnection is

observed. There are important aspects of magnetic reconnection that cannot be properly

described by fluid models.

To model the fully kinetic behavior of highly nonlinear phenomena such as magnetic

reconnection, a full analytic theory becomes extremely difficult. The only practical method

is based on numerical simulations using the particle-in-cell (PIC) technique. The detail

of PIC technique is discussed in a following chapter. Due to the large-scale separations

both in time and space, various approximations, such as the reduction of ratio between

plasma frequency and electron cyclotron frequency ωpe/ωce and mass ratio mi/me, which

are used in order for a simulation run to finish in a realistic time period even with modern
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Figure 1.5: Eight types of ion meandering orbit in the one-dimensional neutral sheet model

[19].

supercomputers.

In order to provide a convenient basis for theoretical analyses and numerical simulations

of kinetic effects of magnetic reconnection, we should start a numerical simulation from

a time-independent kinetic equilibrium solution with a neutral sheet confined between

oppositely directed magnetic fields. Although it is very difficult to find an analytic solution

for time-independent kinetic equilibrium due to the nonlinear Vlasov-Maxwell system,

an elegant solution was found by using the constants of motion and shifted Maxwellian

distribution functions [20]:

Bz = B0 tanh
(x
δ

)
, (1.29)

jy =
B0

µ0δ
sech2

(x
δ

)
, (1.30)

n = n0 sech
2
(x
δ

)
, (1.31)

where δ is the current sheet thickness given by

δ =

(
c

ωpi

) √
T/mi

V
. (1.32)
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Here V = Vi = −Ve is spatially constant drift velocity and T = Ti = Te is temperature.

In fully kinetic models where both ions and electrons are treated as particles, the force

due to electron non-gyrotropic pressure in balancing reconnecting electric field has been

reported to play an important role during magnetic reconnection. The importance of

electron non-gyrotropic pressure was clearly shown in fully kinetic 2D simulations for both

ions and electrons [21; 22]. It was found that the reconnection electric field is balanced

by forces due to electron non-gyrotropic pressure, and electron inertial effects near the

X-point. The non-gyrotropic pressure is closely related to particle meandering motion

due to the finite Larmor radius effect near the center line [19; 23; 24]. When charged

particles reach the neutral line, their gyroscopic motion reverses direction and they drift

in the out-of-plane direction (see Fig.1.5). Fully kinetic simulations with large mass ratios

have revealed that the off-diagonal ion pressure terms cancel the Hall effects outside of ion

meandering orbit size, determining ion dissipation region [25].

1.1.5 Effects of the Guide-Field

The reconnecting magnetic field lines which reconnect are illustrated as opposite di-

rection (anti-parallel) in Figs.1.1, 1.2, 1.3 and 1.4. In general, it does not need to be

anti-parallel. In this case, reconnection can be thought of as occurring in the plane shown

in Fig.1.4, but with a component of the magnetic field directed out of the plane (i.e.,

the z direction). This component of magnetic field, which is perpendicular to the recon-

nection plane, is called as guide-field. The dimensionless parameter can be installed for

the discussion of the guide-field effects on the reconnection: the ratio of the out-of-plane

component of the field to reconnecting component of the field in the inflow region, i.e.,

Bguide/Brec. This guide-field ratio can play an important role in the dynamics of recon-

nection since the angular difference between the two field vectors on either side of the

current sheet is referred to as the magnetic shear angle θ, which is related to the guide

field by Bguide = tan((180− θ)/2). Even a small guide-field changes significantly dynam-

ics of resonant electrons resulting in modification of the current sheet stability criteria

[26; 27]. Particle dynamics changes from quasi-adiabatic to stochastic causing substantial

asymmetry in the current structure and particle drifts [28].

To determine the dependence of the reconnection speed on merging angles of reconnect-

ing lines, the magnitude of external guide field was varied in TS-3 and the MRX while the
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reconnecting field was kept roughly constant [29; 30]. When the guide-field is zero, the re-

connection speed is maximized and decreased substantially with increasing the guide-field.

The guide-field distorts the quadrupole Hall magnetic field that is present in anti-parallel

reconnection, resulting in an asymmetry of the Hall field across the reconnection exhaust

in the particle simulations [31; 32] and the laboratory experiments [33; 34]. In general,

the reconnection rates in guide-field reconnection are notably smaller than anti-parallel

reconnection cases.

Since the electrons within the electron diffusion region are magnetized with the strong

guide-field condition, the electron non-gyrotropic effects are expected to decrease. How-

ever, it has reported that the force terms associated with off-diagonal components of

electron and ion pressure tensors due to non-gyrotropic motion of charged particles, be-

comes dominant at the reconnection point and sustain the reconnection electric field even

when the guide-field is strong by the recent PIC simulation study [35; 36]. The large re-

connection electric field along the magnetic field lines provides acceleration of electrons to

super-thermal energy. This energetic electrons in the guide-field reconnection are observed

in the solar flares [37; 38; 39], laboratory experiments [40; 41] and numerical simulations

[42; 43; 44].

1.2 Reconnection in the Nature System

1.2.1 Solar Flares on the Sun

Solar flare is one of the most explosive phenomena among this dynamic solar activity. It

is now widely believed that solar flare results from a rapid release of magnetic energy stored

in the solar coronal magnetic field through magnetic reconnection. Magnetic reconnection

is believed to occur slightly above the bright loop and to generate jets and energetic

particles as shown Fig.1.6 [45; 46]. When the energetic particles move along the magnetic

field and collide with the dense chromosphere plasma, they generate bursts of light such

as hard X-rays (HXRs). Since the chromosphere plasma is heated by energy dissipation

from energetic particles, it creates the SXR loop. This reconnection-based explanation of

solar flares has been supported by observations of a typical soft X-ray cusp-like structure

[47].

A number of satellites have been launched to study the behavior of solar flares: Yohkoh
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Figure 1.6: Plasmoid-induced-reconnection model, which shows magnetic reconnection

site to be above the soft X-ray (SXR) loop [45].

(Sunbeam in Japanese), SOHO (Solar and Heliospheric Observatory), TRACE (Transi-

tion Region And Coronal Explorer), RHESSI (Ramaty High Energy Solar Spectroscopic

Imager), Hinode (Sunrise in Japanese), and STEREO (Solar TErrestal RElations Obser-

vatory). In particular, Yohkoh, SOHO, TRACE and Hinode have shown the topological

changes of solar flares as well as magnetic reconnection heating of corona plasmas in solar

flares using 2D line-of-sight images [48]. Figure 1.7 shows observations of solar coronal

loop-top flare measured by the Hinode satellite. The magnetic reconnection is considered

to cause plasma heating and produce non-thermal particles in the solar flare. However, key

questions on this explosive phenomenon remain unsolved and they will not be answered

without improvements in the general understanding of magnetic reconnection.
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Figure 1.7: The Hinode satellite observation results of magnetic reconnection heating of

corona plasmas in solar flares [48].

1.2.2 Geomagnetic Substorms in the Earth’s Magnetosphere

Earth’s magnetosphere is the region of influence of Earth’s magnetic field. The inter-

action with the solar wind deforms the geomagnetic dipole field; it compresses the field

lines of the day side (the magnetopause) and stretches the lines out to form a long tail

(the magnetotail) on the night side as shown in Fig.1.8.

The magnetopause is one of the location of the first in situ space measurements of mag-

netic reconnection since it is accessible using satellite observations and has since repeatedly

been an observational site for reconnection. One of the reason dayside reconnection is so

important is because of its direct impact on Earth thought its role in space weather.

Earth’s magnetic field would largely protect Earth from the charged particles in space.

However, reconnection changes the connectivity of magnetic fields and allows the transfer

of material and energy from interplanetary space to the magnetosphere. This material

could cause many problems such as power outages, satellite failure impacting GPS and

cell phones. Therefore, the space weather forecast requires a thorough understanding of

reconnection at the dayside magnetopause.

At the dayside magnetopause, the first direct and incontrovertible evidence of reconnec-
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Figure 1.8: Schematics of magnetic reconnection and generated flow of plasmas in the

magnetosphere [49].

tion was provided by Paschmann [50]. They observed high-speed flows associated with

the reversal of the reconnecting magnetic field component, which was interpreted as the

outflow resulting from reconnection. Many similar observations of plasma jets associated

with magnetic reconnection have been reported [16; 51; 52; 53].

The magnetotail includes the plasma sheet, filled with the hot plasmas on the closed

magnetic field lines with both their ends in the ionosphere, and tail lobes with empty

open field lines, having one end in the Earth’s polar cap ionosphere and another con-

nected to interplanetary magnetic field. Evidence of magnetic reconnection has been also

found in the magnetotail [15]. It is reported a rare encounter of an active diffusion region

of collision-less magnetic reconnection. The X-line structure of reconnection extending

more than 390 Earth radii has been observed in the magnetotail [54], which reveals that

magnetotail reconnection is a large-scale process and can be in quasi-steady state. Fur-
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thermore, it is argued by utilizing multiple satellites, that reconnection occurred before

the associated geomagnetic substorm and thereby suggest that substorms are initiated by

tail reconnection [55].

While the in situ measurement by using satellites has found a role of reconnection in

the global dynamics, there is a lot of questions in the microphysics related to the electron

diffusion region due to small number of encounters of the active diffusion region. In order

to address this issue, a new NASA mission called the Magnetospheric Multi-scale (MMS)

mission launched multiple satellites in 2014 to explore 3D structures of the diffusion region

on scales down to the electron inertial length.

1.3 Dissertation Objectives

There is as of yet no consensus on how particles gain energy in the collision-less guide-

field reconnection. To fill this gap, in this dissertation, energy conversion mechanisms for

electrons during collision-less magnetic reconnection with a guide-field are discussed, based

on measurements in the University of Tokyo Spherical Tokamak (UTST) and Magnetic

Reconnection Experiment (MRX). Furthermore, the detail physics, which is difficult to

address in the laboratory experiments due to the small scale of electron dynamics, is

discussed based on 2D PIC simulation results by means of Plasma Simulation for Magnetic

reconnection in an Open system (PASMO) code. The main objectives of this dissertation

are:

1. To present where, when and how electrons are accelerated and heated during guide-

field reconnection experiment and to assess the role of the guide-field on electron

acceleration and heating.

2. To discuss possible mechanisms for observed electron heating in the vicinity of the

X-point.

3. To discuss the difference of the electron dynamics between parallel and perpendic-

ular to the magnetic field in the 2D particle simulation.
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1.4 Outline of this Dissertation

This dissertation provides studies of energy conversion from magnetic energy to elec-

tron particle energy during collision-less magnetic reconnection in laboratory experiment

(UTST and MRX) and numerical particle simulation (PASMO).

This dissertation is composed of six main chapters:

Chapter 1.

This chapter introduces the basic concept of magnetic reconnection and where we can find

in the nature. Previous research on various energy conversion mechanisms is reviewed.

Finally, the objectives and findings of this dissertation are summarized.

Chapter 2.

This chapter describes the experimental setup, the experimental regime and results of the

University of Tokyo Spherical Tokamak (UTST). The details about magnetic diagnostics

and Thomson scattering measurement for electron temperature and density are provided.

It is shown that classical Ohmic dissipation based on the perpendicular Spitzer resistivity

cannot explain the large electron heat flux along the magnetic field, which suggests the

existence of an anomalous resistivity.

Chapter 3.

This chapter describes the setup and results of the Magnetic Reconnection Experiment

(MRX) and the experimental regime for this study. The details about magnetic diagnos-

tics, Langmuir probe for electron temperature and density and potential measurement are

provided.

Chapter 4.

This chapter introduces the basic concept of the Particle-In-Cell (PIC) simulation and

describes the setup of the 2D PASMO code for this study. The key schemes and dimension-

less simulation parameters for the particle simulation are provided.
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Chapter 5.

This chapter discusses the electron heating and acceleration mechanisms. It is shown that

the parallel electric field and the in-plane electric field play a major role for the parallel

and perpendicular component of the electron energy increment, respectively.

Chapter 6.

This chapter discusses the comparison between the laboratory experiments and the particle

simulation, draws conclusions and presents ideas for future work.
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Chapter 2

Laboratory Experiment in UTST

In this chapter, the University of Tokyo Spherical Tokamak (UTST) experimental ap-

paratus and the operation of Double Null Merging (DNM) method are briefly described.

Then, the diagnostics systems used for this dissertation are then discussed. Finally, the

experimental results that we observed localized electron heating in high guide-field recon-

nection, are discussed.
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Figure 2.1: (a) The photograph of the UTST device, and (b) cross-sectional view of

the UTST device are shown together with the magnetic probe array and plasma current

Rogowski coil.
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2.1 Overview of the University of Tokyo Spherical Tokamak

(UTST)

The University of Tokyo Spherical Tokamak (UTST) [56] was constructed to show the

feasibility of the DNM method for a high β ST startup [57]. The merging method has

been used to increase magnetic flux of ST/CT plasmas without a CS coil in TS-3 [30],

START [58], TS-4 [59] and MAST [60] devices and also to heat quickly ST plasmas in

the TS-3 and UTST devices [61]. In the UTST device whose photograph is shown in

Fig.2.1(a), all the coils are located outside the vacuum vessel, unlike TS-3, TS-4, MRX

[62] and START/MAST devices (see Fig.2.1(b)). The DNM method is used for startup as

well as a Neutral Beam Injection (NBI) heating would be used for an additional heating in

UTST. The UTST device has a cylindrical vacuum vessel with R = 0.6 m (the maximum

radius in the middle region is 0.7 m) and Z = 2.0 m. The upper and lower wall (−1.0 ≤

Z ≤ −0.3, 0.3 ≤ Z ≤ 1.0 m) is made of a thin stainless steel (SUS304 in the JIS standard)

that is 1.5 mm thickness to allow the fast penetration of magnetic field into inside of

the vacuum vessel. In order to sustain the mechanical strength, the thin conductive wall

is covered with a 2 cm thickness of fiber-reinforced plastic (FRP) and supported by 16

conductive ribs.

2.2 Plasma Merging Operation

Figure 2.2 shows the current waveforms of the plasma current Ip, washer guns, poloidal

field (PF), toroidal field (TF) and equilibrium field (EF) coils in a typical UTST shot.

First, the (TF) coil and equilibrium field (EF) coils are discharged. Then, the combination

of the toroidal and equilibrium field generates spiral magnetic field. After the poloidal flux

generated by the EF coils penetrated the vacuum vessel, two washer guns located inside

(one is in upper side and the other one is in bottom side) are discharged to perform

the pre-ionization along with the spiral field. The voltage between the electrodes of the

washer guns are 2.0 kV. As a result, two initial spherical torus (ST) plasmas are produced

separately in both upper and lower regions of the UTST device by ramping down the

currents of PF2 and PF4 coils. Meanwhile, the center solenoid (CS) coil is used to amplify

the plasma currents of the initial ST plasmas to increase the upstream poloidal magnetic
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Figure 2.2: The time evolution of the current waveforms in a typical UTST shot. All plots

show measured currents of the coils, washer guns and plasma during DNM startup in the

UTST experiment.

field energy. The plasma current Ip measured by the internal Rogowski coil reached up

110 kA after plasma merging through magnetic reconnection, which continues for about

50 µs.

Figure 2.3 shows the time evolution of two-dimensional magnetic field structure mea-

sured by the magnetic probe array in the UTST merging experiment. The current wave-

forms of the washer gun, PF and CS coils and plasma current are shown in the top of

Fig.2.3. And, the poloidal flux surfaces Ψ (line contour) and toroidal current density jt

(color contour) are shown in the bottom plot of Fig.2.3. The magnetic reconnection is

observed during t = 750-810 µs, while we define t = 0 at the time of PF2 and PF4 coils

discharges. The X-point structure was identified clearly around R = 0.35 m and Z = 0.

The current sheet structure, which is indicated as blue region in he bottom plot of Fig.2.3,

was observed by magnetic probe array during magnetic reconnection. The strength of

reconnecting magnetic field (poloidal magnetic field in the upstream region) is typically

15 mT, as well as, the guide-field (toroidal magnetic field) at the X-point is typically 240

mT. Since the guide-field component is much higher than the reconnecting component,

high guide-field magnetic reconnection takes place during the plasma merging period in

the UTST device.
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2.3 Diagnostics

2.3.1 Magnetic Probe Array

In UTST, two-dimensional (R-Z plane) magnetic probe array, that is consist of multiple

magnetic pickup coils is installed inside the vacuum vessel for magnetic reconnection study.

The pickup coil has windings of 300 turns and whose outer and inner diameters are 5.0

mm and 3.5 mm, respectively. Since the signal output from pickup coil is proportional to

dB/dt, we numerically integrated the signal to obtain the magnetic field:

B(t) = −
∫ t

0

Voutput(τ)

NS
dτ, (2.1)

where NS is called as effective area of the coil: N is the number of turns and S is the

area per turn of the coil.

The axial and toroidal magnetic fields (Bz and Bt) would be measured directly by using

this measurement system. The locations of the magnetic probe arrays are illustrated in
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Figure 2.4: The schematic view of a rotated magnetic probe.

Fig.2.1(b). The magnetic probe array has 64 channels of coils for Bz component and 64

channels of coils for Bt component in the upper region (0.35 m ≤ Z ≤ 0.95 m) and 81

channels of coils for Bz component and 81 channels of coils for Bt component in the middle

region (−0.24 m ≤ Z ≤ 0.24 m).

The pickup coil for Bz component is possible to measure Bt component, because the

magnetic probe would be rotated when we insert the magnetic probe inside the vacuum

vessel. Since it is impossible to eliminate that perfectly, a correction technique is required

for the orientation of pick up coils. If the pickup coil for Bz is inclined at an angle of θ

from the vertical, the measured value of magnetic field is expressed as:

B′ = Bz cos θ −Bt sin θ. (2.2)

Then, the true values of Bz and Bt are calculated from the values B′
z and B′

t measured

by the pickup coils and angles of the coils:

(
Bz

Bt

)
=

1

cos∆θ

(
− sin(θ +∆θ) sin θ

cos(θ +∆θ) cos θ

)(
B′

z

B′
t

)
, (2.3)

where θ and ∆θ are the angles as illustrated in Fig.2.4. The angles θ and ∆θ are cal-

culated by the following expressions. When only the TF coil is discharged, there is only

toroidal magnetic field Bt component inside the vacuum vessel. The measured signal by
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the magnetic probe can be describes as

(
B′

z

B′
t

)
= Bt

(
sin θ

cos(θ +∆θ)

)
. (2.4)

When only EF1 and EF2 coils are discharged, no toroidal magnetic field Bt exists and the

measured value is expressed as

(
B′

z

B′
t

)
= Bz

(
sin(θ +∆θ)θ

− cos θ

)
. (2.5)

Now, we define γ and ζ as

γ ≡ B′
t

B′
z

=
cos∆θ

tan θ
− sin∆θ, (2.6)

ζ ≡ B′
z

B′
t

= − tan θ cos∆θ − sin∆θ. (2.7)

Then, θ and ∆θ can be described as

θ = ± arcsin

(√
1− ζ2

γ2 − ζ2

)
, (2.8)

∆θ = arctan

(
−
γ tan θ − ζ

tan θ

γ − ζ

)
, (2.9)

where the top sign represents γ > 0 and the bottom sign represents γ < 0. If ∆θ is already

known, the orientation of the pickup coils would be achieve by only TF coil discharge and

θ is obtained by:

θ = arctan

(
cos∆θ

γ + sin∆θ

)
. (2.10)

When the both Bz and Bt are obtained, poloidal flux Ψ, radial magnetic field Br,

toroidal electric field Et and toroidal current density jt would be calculated by assuming

the toroidal symmetry:

Ψ = 2π

∫ R

R0

Bzρdρ, (2.11)

Br = − 1

2π

∂Ψ

∂z
, (2.12)

Et = − 1

2πR

∂Ψ

∂t
, (2.13)

jt = − 1

µ0

(
∂Bz

∂R
− ∂Br

∂z

)
, (2.14)
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Figure 2.5: Schematic view of the polychromator. This contains a collimation lens and

four interference filters, lens elements and electric circuits including an avalanche photo

diode.

where R0 is the radius of the center post. The sampling rate of the magnetic probe

measurement is up to 2 MS/s using 14 bit analogue to digital converters (ADCs).

2.3.2 Slide-type Thomson Scattering Measurement System

To investigate the energy conversion mechanism for electrons during magnetic reconnec-

tion, we developed a slide-type two-dimensional Thomson scattering measurement system

to evaluate electron heating in high guide-field magnetic reconnection in the UTST [63].

Thomson scattering diagnostics have been used widely as a most reliable diagnostics for

electron temperature and density profile measurements. However, two-dimensional di-

agnostics of Thomson scattering have not been used widely in the experiment devices,

because of requirement of many laser channels and spectrometers, which inevitably re-

sults in large-scale experimental facilities and high costs.

To solve this problem, we adopted a new method to slide radially the whole one-

dimensional Thomson scattering system that measure axial profiles of electron temper-

ature and density in a single discharge [64]. Laser light from a horizontally-polarized

Nd:YAG laser oscillator with a wavelength of 1064 nm is amplified to approximately 3 J,
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and then injected into plasma axially from a lower Brewster window of the UTST device.

The laser beam is focused near spot in the mid-plane (Z = 0) of the UTST by a focusing

lens. The scattered light from charged particles is focused into axial close-set optical fibers

by condensing lens, and transferred to polychromators. The axial resolution is determined

according to the fiber positions and the highest axial resolution is 5 mm. At the laser

beam path, the images of the optical fibers are about 2.2 mm, which is smaller than the

axial resolution. The measured signals along the horizontally-polarized Nd:YAG laser are

perpendicular to the toroidal magnetic field: the scattering angle (∼ π/2).

The laser beam passed from an upper Brewster window of the UTST device is focused to

a beam dump by an upper lens. The absorptive neutral density glass beam dump consists

of narrow blades creating a surface at a steep angle to the direction of the laser beam

propagation. The upper lens and beam dump are located outside the vacuum vessel of

the UTST and can be adjusted to the sliding laser path of helium neon alignment laser

beam through the vacuum vessel.

Multiple polychromators were assembled for the slide-type 2D Thomson scattering sys-

tem. Each polychromator contains a collimation lens, four interference filters, lens ele-

ments (relay lenses and focusing lenses) and avalanche photo diodes (APDs) with pream-

plifier circuit. Figure 2.5 shows the schematic view of the polychromator. Each poly-

chromator measures four different wavelength bands: 1059-1051 (channel 1), 1055-1045

(channel 2), 1053-1037 (channel 3), 1051-1009 nm (channel 4). Each interference filter has

high blocking power (> 105) at 1064 nm, the wavelength of Nd:YAG laser, to reduce the

stray light.

The position of the condensing lens and optical fibers are adjusted by measurement of

Raman scattered light from nitrogen gas. The polarization of Raman scattered light is

considered in absolute calibration that allows us to calculate the electron density from the

intensity of Thomson scattering signals.

For 2D measurements of electron temperature and density, we slide radially the whole

one-dimensional Thomson scattering system that measures their axial profiles in a single

discharge. Using this slide system, we can measure radial profiles in 0.32 m ≤ R ≤ 0.58

m region by changing the radial position of whole 1D Thomson system every discharge.

In order to maximize the signal-noise ratio, the signals from APDs are integrated with

time (called integrals in this paper), because the electric noise is non-stationary in time.
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The calculation of electron temperature and density from integrals of Thomson scattering

signals is performed by the least-squares method. Figure 2.6 shows a sample of the fittings

to obtain the electron temperature and density from integrals of Thomson scattering

signals. The fitting of number 1 was calculated with the condition that minimizes the sum

of squared residuals. The fitting number 2 and 3 are the minimum/maximum electron

density (maximum/maximum electron temperature) calculated with the condition that

maximizes the sum of squared residuals within the measurement errors, respectively. The

noise integral is about 0.02-0.03 nVs, which is about 5% of signal in channel 1, 15% of

signal in channel 2 and 40% of signal in channel 3, respectively.

To estimate the converted energy by magnetic reconnection quantitatively, the mea-

surement of the electron temperature and density with a high confidence and accuracy is

required. In other words, estimating an error of the measurement system is important.

The fitting error of this measurement system, which is about ± 2 eV and ± 0.5× 1019 in

the electron temperature and density, respectively, allows us to estimate the gain energy

of electrons by magnetic reconnection.

2.4 Experimental results in UTST

Figure 2.7 (a) shows the time evolution of the 2D magnetic field structure measured by

the 2D magnetic probe array in central region on UTST, where the toroidal current density
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Figure 2.7: (a) Time evolutions of poloidal magnetic flux (line contour) and toroidal

current density (color contour) during the tokamak plasma merging experiment (strong

guide-field magnetic reconnection). (b) The cross markers indicate measurement positions

for Thomson scattering measurement system.

is shown by red/blue color. Also, Figure 2.7 (b) shows detailed structure of Fig.2.7 (a)

during magnetic reconnection (t=816 µs) and the measurement positions of 2D Thomson

scattering system. During magnetic reconnection, the observed radially elongated current

sheet region is similar to that predicted in classical Sweet-Parker model.

In Figs.2.8 (a)-(d), those values are calculated from the measured Bz and Bt by the

magnetic probe array. Figure 2.8 (a) shows the time evolution of reconnected magnetic

flux: poloidal flux function Ψ at the X-point.

The reconnected flux increases during magnetic reconnection and decreases after recon-

nection. Figure 2.8 (b) shows the time evolution of toroidal electric field Et at the X-point

which is defined as (−∂Ψ/2πR∂t) at the X-point. The electric field at the X-point has a

negative value during magnetic reconnection and peaks around t=800 µs while the mag-

netic flux increases fast at the X-point in fast reconnection phase.

Figs.2.8 (e) and (f) show the time evolution of electron temperature and density mea-

sured at the X-point (Z = 0, R = 37 cm), upstream region (Z = -3 cm, R = 37 cm) and

downstream region (Z = 0, R = 40 cm). The temporal evolution is obtained from multiple

discharge and staggering the trigger time of Nd:YAG laser and the error bar includes their

discharge-to-discharge dispersion and the fitting errors from multiple discharges in a time.
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Spitzer resistivity at the X-point, (e) the electron temperature and (f) density at the

X-point (red), upstream (blue) and downstream region (green) (see Fig.2.7 (b)).

We found that electron heating (from 8 eV to 27 eV) at the X-point took place during

high guide-field magnetic reconnection whereas the electron temperature outside current

sheet (Z = -3 cm) reveals clearly lower temperature than that at the X-point. Meanwhile,

the electron heating was not observed in the downstream region.
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Figure 2.9: R-Z contours of poloidal flux (line), (a) electron temperature and (b) density

at t=816 µs during the fast reconnection phase in the UTST merging experiment.

Figures 2.9 show the 2D counters of the electron (a) temperature and (b) density with

the poloidal magnetic flux contours. Using slide-type 2D Thomson scattering measurement

system, we observed that localized electron heating at the X-point forms a round-shaped

high electron temperature area in sharp contrast with highly-elongated current sheet shown

as Fig.2.7 (b). The radial width of the heated electron region was less than 3 cm, whereas

the current sheet had radially elongated shape whose radial length is about 25 cm.

Using the measured 2D magnetic data and electron temperature and density profiles,

we calculated how much energy is converted into the electron thermal energy during high

guide-field magnetic reconnection in UTST. By assuming the toroidal symmetry and inte-

grating a volume in the plasma near the X-point, the increment in electron thermal energy

is obtained for 2.2 J, which is about 15% of the dissipated magnetic energy of 14 J. This

conversion ratio in high guide-field (Bt ∼ 15Bp) reconnection is higher than that in other

guide-field (typically Bt ∼ 5Bp) reconnection experiment in the TS-3 device [65]. This can

be explained by that the electron heating is caused by the parallel electron acceleration by

reconnection electric field Et along the magnetic field line (mainly in toroidal direction)

and thermalized during the guide-field reconnection.
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Figure 2.10: Correlation between the electron energy gain and
∫
Et · jtdτ (reconnection

electric field times toroidal current density) at the X-point.

2.4.1 Energy Source of Electron Heating

Figure 2.8 (c) shows the time evolution of the toroidal (parallel to the magnetic line) com-

ponent of magnetic energy dissipation Et · jt at the X-point. It indicates that the electron

temperature increased after Et ·jt peaked during the fast reconnection phase. Also, Figure

2.10 shows the relation between the electron energy increment and
∫
Et · jtdτ at the X-

point. These data are obtained from different shots while
∫
Et·jtdτ is time-integrated Et·jt

during magnetic reconnection at the X-point. The electron energy increment grows clearly

proportionally to
∫
Et · jtdτ at the X-point. Therefore, the electric field at the X-point

causes significant energy transfer from the magnetic field energy to the kinetic/thermal

energy of electrons through the energy dissipation term, Et ·jt, where jt is toroidal current

density. However,
∫
Et · jtdτ (see Fig.2.12 (a)) can not explain the localization of high

electron temperature area near the X-point during high guide-field reconnection. The

parallel electron acceleration and the ohmic heating are the possible candidates for the

measured energy transfer from the magnetic field energy to the kinetic/thermal energy of

electrons.
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2.4.2 Electron Acceleration at the X-point

In high guide-field reconnection, electrons are accelerated parallel to the magnetic field

(electrons are strongly magnetized) which is mainly consisted of the guide toroidal field

in the UTST experiment. This parallel acceleration mechanism is predicted by several

PIC simulations [42; 43]. Also, the accelerated electron was observed directly inside the

diffusion region in Earth’s magnetotail by the satellite observation [66].

As we discussed previously, the guide (toroidal) field is typically 15 times higher than

the reconnecting magnetic (poloidal) field in the UTST plasma merging experiment. The

reconnection electric field would accelerate the electrons toroidally, that is parallel to the

magnetic field, converting the magnetic energy to the kinetic energy of electrons. In fact,

a burst of bremsstrahlung soft X-ray emission was observed only during fast reconnection

phase in the UTST experiment, suggesting the presence of high energetic electrons by high

guide-field reconnection [67].

Since the reconnection electric field is almost uniform inside the reconnection layer (if

the reconnection is quasi-steady state), the acceleration length for electrons will play an

important role for increasing electron kinetic energy. The radial or axial component of

magnetic field around the X-point decreases the electrons acceleration length, causing

decrease in electron kinetic energy increment. In other words, electrons near the X-point

are accelerated much longer than the other electrons far from the X-point, because the

increase in electron kinetic energy depends on the length of magnetic field line inside the

current sheet.

Now we consider the electron motion inside the reconnection layer. Figure 2.11 shows

the Cartesian coordinate system in which By is the guide-field. The particle velocities of

electrons (guiding center motion) on the X-Z plane can be described as:

|vx| =

∣∣∣∣∣∣
Bx√

B2
x +B2

y +B2
z

v∥ + vout

∣∣∣∣∣∣
, (2.15)

|vz| =

∣∣∣∣∣∣
Bz√

B2
x +B2

y +B2
z

v∥ + vin

∣∣∣∣∣∣
, (2.16)

where vin and vout are the velocities of inflow and outflow that are the velocities of drift

motion, respectively. This drift motion is mainly mainly E×B drift in the UTST plasma
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Figure 2.11: The coordinate system in which By is the guide-field. The width and length

of the reconnection layer are 2δ and 2L, respectively. The reconnection electric field is

uniform inside the reconnection layer.

merging experiment. Since the reconnection layer is much larger than the electron gyro-

radius ρe in the strong guide-field magnetic reconnection in UTST (L ∼ 10δ ∼ 103ρe), we

don’t include the gyro motion.

Then, the poloidal velocity |vp| can be described as

|vp|2 =|vx|2 + |vz|2,

=
B2

pv
2
∥

B2
p +B2

t

+
2 (Bxvout +Bzvin)

B2
p +B2

t

+ v2out + v2in, (2.17)

where B2
p = B2

x +B2
z and B2

t = B2
y are poloidal and toroidal magnetic field in the UTST

plasma merging experiment, respectively. Assuming Bp ≪ Bt due to high guide-field

condition, the poloidal velocity |vp| can be approximated as

|vp| ≃
(
Bp

Bt
+ α

)∣∣v∥
∣∣, (2.18)

where α =
√

(v2in + v2out)/v
2
∥. Since electrons would be accelerated by the reconnection

electric field parallel to the magnetic field inside the reconnection layer, we can obtain

α≪ 1 in the strong guide-field magnetic reconnection. When we assume the reconnection

electric field is uniform inside the reconnection layer and the width and length reconnection

layer are 2δ as well as 2L, respectively. The maximum acceleration length for electrons
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Figure 2.12: R-Z contours of poloidal flux (line) at t =816 µs, (a)
∫
Et · jtdτ and (b) the

normailzed
∫
Et · jt · (Bt/Bp)dτ .

lacc can be evaluated as

lacc =|v∥|τacc,

=|v∥||
1

vp
|
√
δ2 + L2,

=
√
δ2 + L2

Bt

Bp + αBt
, (2.19)

where τacc =
√
δ2 + L2/|vp| is the electron acceleration time which would be shorter than

the electron-ion collision time τei. Therefore, these results suggest that the electron kinetic

energy increment ∆Pe,k in high guide-field reconnection would be described as

∆Pe,k =

∫ lacc

0
E⃗t · d⃗l ∝

Et ·Bt

Bp + αBt
. (2.20)

2.4.3 Thermalization of the Accelerated Electrons

This parallel acceleration mechanism plays an important role for the electron kinetic en-

ergy increment, however, needs an additional explanation of the electron heating measured
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by Thomson scattering, because the measured electron temperature is perpendicular to

the magnetic field in the UTST merging experiment. Additionally, we need to discuss the

thermalization process in order to explain the electron heating because it is the increase

in the electron thermal energy.

The classical Spitzer resistivity which is a electrical resistivity based on collisions can

be obtained from electron temperature and density, described as:

ηSp =
π3/2m1/2

e Ze2c2 lnΛ

2(2kBTe)3/2
,

where Z is the ionic charge and lnΛ is the Coulomb logarithm. Fig.2.8 (d) shows that

the effective resistivity ηeff = Et/jt was comparable to the Spitzer resistivity before the

fast reconnection phase (795-803 µs), however, increased quickly and became much larger

than the Spitzer resistivity at the X-point when the fast reconnection phase started. Since

the effective resistivity consists of collision effect (Spitzer resistivity) as well as collision-

less effect, the anomalous resistivity ηAno = ηeff − ηSp due to collision-less effect will

become dominant during fast reconnection phase. These results suggest that accelerated

electrons are thermalized by the collision-less effect around the X-point in the high guide-

field reconnection. One of the possibility is that the fluctuations (waves) is excited and

couple with the accelerated electrons near the X-point. Unfortunately, the strength of

magnetic field in the UTST device is too strong to address this issue.

In order to explain the localized electron heating at the X-point, we install guide-field

effect term Bt/(Bp + αBt) to the energy source term Et · jt and calculate integrate with

time during magnetic reconnection. Figure 2.12 (b) shows the R-Z contour of lim
α→0

∫
Et ·

jt(Bt/Bp + αBt)dτ . Since this time-integrated value can explain the localized electron

heating at the X-point, the increment of electron thermal energy ∆Pe,t in the strong

guide-field magnetic reconnection will be described as

∆Pe,t ∝
∫ (

Bt

Bp + αBt

)
Et · jtdτ. (2.21)
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Chapter 3

Laboratory Experiment in MRX

In this chapter, the experimental apparatus of Magnetic Reconnection Experiment

(MRX) device at the Princeton Plasma Physics Laboratory (PPPL) is briefly described.

Then, diagnostics used for this dissertation are discussed. Finally, the details of the ex-

perimental regime and key experimental result are presented and discussed.

Figure 3.1: A Photograph of the Magnetic Reconnection Experiment. MRX has a cylin-

drical vacuum vessel. Various diagnostics are inserted into the machine through the large

mid-plane port to measure important physical quantities.
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Figure 3.2: (a) The picture shown is a cross-section of the cylindrically symmetric vacuum

vessel with magnetic field lines drawn. The gray circles indicate the location of the two

flux cores. The orange color denotes the shape of the current sheet formed during pull

reconnection. (b) Each flux core contains a PF winding to produce the magnetic X-point

geometry and a TF helically wound coil, which produces an electric field used to break

down the plasma.

.

3.1 Overview of Magnetic Reconnection Experiment (MRX)

MRX device is a mid-size laboratory device specifically designed for detailed studies of

magnetic reconnection. Figure 3.1 shows a photograph of the MRX. The vacuum vessel

is cylindrical and the inner radius is 76.2 cm. The wall is made of quater-inch-thick 304

stainless steel. The axial length of the vacuum vessel is about 1.7 m. There are two blue

circular coils for the equilibrium field (EF), which is relatively uniform axial magnetic field.

The EF coils are used to control the radial position of the current sheet by balancing the

radial hoop force.

Figure 3.2 (a) shows a cross-sectional view of the MRX vacuum vessel. The local coor-

dinate system used in MRX is also shown: R is radially outward, Y is the out-of-plane

direction and Z is the axial direction. The distance between the two flux cores can be

varied externally into 42 cm. Various probes such as a two-dimensional magnetic probe

array are inserted radially to measure important local physics quantities.

Figure 3.2 (b) shows a schematic view of flux core inside of which there are two sets of
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coils: poloidal field (PF) coils and toroidal field (TF) coils [62]. The PF colis are wound

toroidally to generate the X-line geometry at the middle of the vacuum vessel and to

drive magnetic reconnection. The TF coils are wound poloidally to inductively create the

plasma around the flux cores.

When plasma is ignited, there is global pressure imbalance because both the magnetic

and plasma pressures are high near the flux cores. This pressure imbalance drives plasma

inflow from the flux cores to the middle: “pushing” the magnetic flux toward the middle.

This push reconnection phase begins right after the plasma formation. After the global

pressure imbalance is relieved, the magnetic flux is pulled toward the flux cores from the

middle and a current sheet becomes an elongated shape along Z direction. In this phase,

the initial out-of-plane magnetic field that is produced during the plasma formation phase

becomes negligible compared to the reconnecting magnetic field such that anti-parallel

reconnection is achieved. In this work, we add a guide-field externally using guide-field

coil. This stage of the MRX discharge is called the pull reconnection phase. In the pull

reconnection, the reconnection rate is relatively constant, that is called the quasi-steady

state.

3.2 Diagnostics

To study energy conversion mechanism during magnetic reconnection in MRX, sev-

eral diagnostics are required. Due to the relatively low electron temperature and short

discharge time, in-situ measurement of plasma quantities are possible in MRX as other

laboratory reconnection experiments (TS-3/4 and UTST).

3.2.1 Magnetic Probes

In MRX, two-dimensional magnetic probe array is installed with a maximum radial

resolution of 6 mm while covering 16 cm radially. Figure 3.3 (a) shows a photograph of

2-D magnetic probe array. It consists of 7 probes with separation of 3 cm along Z. A

lot of magnetic pick up coils are aligned inside of the magnetic probe. The diameter and

height of the coils are 1.75 mm. Figure 3.3 (b) shows the alignment of the pickup coils.

With the 2-D magnetic probe array, the time evolution of all three components of the

magnetic field are measured in MRX. The magnitude of the magnetic field is calibrated
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Figure 3.3: 2-D magnetic probe array [68]. (a) Photo of 2-D magnetic probes inside of

the MRX chamber. There are a series of miniature pickup coils inside each probe. (b)

Alignment of the pickup coils. Each probe has 35 total pickup coils: 9 for BR and 13 for

both BY and BZ .

using a 7 turn Helmholtz coil with approximately 2 cm diameter and coil separation.

A typical value of the effective area of the coil in MRX is 2.4 cm2. Passive electronic

integrators are used to integrate a voltage across the leads of the coil before the signals

are digitized in order to reduce the noise and impact from the digitizer offset voltage and

bandwidth limitations.

2-D magnetic field profiles can be used to compute the current density with the use

of Ampere’s law. Assuming toroidal symmetry, which is same method as UTST’s, each

component of the current density is given by
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JR =
1

µ0

∂BY

∂Z
, (3.1)

JY =
1

µ0

(
∂BR

∂Z
− ∂BZ

∂R

)
, (3.2)

JZ =
1

µ0R

∂ (RBY )

∂R
. (3.3)

Finally, the inductive out-plane reconnection electric field EY is calculated as

EY =
1

2πR

∂ψ

∂t
, (3.4)

where the poloidal flux function ψ can be determined as

ψ =

∫ R

0
2πr′BZdr

′ (3.5)

=

∫ R

0
2πr′BZdr

′ −
∫ Z

Z0

2πr′BRdz
′. (3.6)

The poloidal flux ψ is set to be zero at the machine axis (R = 0).

3.2.2 Langmuir Probes

Since the quasi-steady period of the discharge is short and the plasma potential changes

quickly from about -150 to 150 V, a single-tip Langmuir probe that requires a sweep of the

bias voltage is not suitable for MRX. Thus, we decided to use triple Langmuir probes for

the electron temperature and density measurements. Figure 3.4 (a) shows a photograph

of a triple Langmuir probe. The tip diameter is 0.8 mm and its length is 1.2 mm. The four

tips made of tungsten form a square and the distance between adjacent tips is 2.3 mm. We

clean the Langmuir probes by sand-blasting almost every time before we install it inside

the vacuum vessel to avoid an artificially high electron temperature and low density.

Figure 3.4 (b) shows a schematic of the MRX triple Langmuir probe diagnostic. The two

electrodes labeled Φ+ and Φ− are biased in a double probe configuration. Two additional

unbiased tips provide floating potential measurements. Assuming the Maxwellian distri-

bution function, the current-voltage characteristic of the Langmuir probe can be described

as

Ip(Φ) = −Isat + eneA

√
Te

2πne
exp

[
−e(Φp − Φ)

Te

]
, (3.7)
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where Ip(Φ) is the current flowing from the probe to the plasma, A is the probe area, and

Φp is the plasma potential. The bias voltage ΦB is chosen to be large enough for Φ－ tip

to collect the ion saturation current Isat. Then, the electron temperature can be deduced

by measuring Φ+ and Φ－. Since the double probe is floating, the Φ+ tip draws the same

amount of the electron current. Using Ip(Φ+) = Ip(Φ−) and Ip(Φf ) = 0, the relation

between Φ+ and Φf can be computed as [69]

Ip(Φ+)− Ip(Φf )

Ip(Φ+)− (Φ−)
=

1

2
=

1− exp[−(Φ+ − Φf )/Te]

1− exp[−ΦB/Te]
. (3.8)

Figure 3.4: MRX triple Langmuir probe [68]. (a) Photo of a MRX triple Langmuir probe.

It consists of two tips in a double probe configuration and two additional floating potential

tips. (b) Schematic of the Langmuir probe measurement. Two floating potential tips are

needed to minimize effects from local electric fields.
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When ΦB ≫ Te, the above equation simplifies to Φ+−Φf = ln2 Te, from which the electron

temperature can be determined. The major reason for the additional floating potential tip

is to minimize the effect from local electric fields. Because the in-plane electric field can

be as high as several thousands V/m in MRX discharges, the 2 mm separation between

tips can cause an error of about 3 eV in Te measurement. By averaging over the two Φf

tips and placing Φ+ in the middle of them, this effect can be significantly reduced.

The plasma density can be computed by measuring the ion saturation current as [69]

Isat = exp[−0.5]AeniCs, (3.9)

where Cs =
√

Te/mi is the ion sound velocity when Te ≫ Ti. Since Ti is comparable to or

slightly larger than Te in MRX discharges, we can’t use this simple expression. However,

It is suggested that the ion saturation current does not strongly depend on Ti as long as

Ti < 2Te [70]. Therefore, Cs ≃
√
Te/mi is a valid approximation for MRX discharges.

The probe area A is cross-calibrated with a reference Langmuir probe by comparing their

signals in a quiet, toroidally symmetric plasma. The probe area of the reference Langmuir

probe is calculated by using the actual dimensions of the probe.

3.2.3 Floating Potential Probe

The radial floating potential profile is measured by a 22-tip floating potential probe.

Figure 3.5 shows the alignment of the probe. It has 17 radial measurement points with

the maximum resolution of 0.7 cm. There are five radial locations where two tips exist

with a small separation (∼ 4 mm) along the direction perpendicular to the probe shaft.

The purpose of the additional five tips is to provide an approximate value of the local

Figure 3.5: Schematic view of the 22-tip floating potential probe [68]. It consists of

22 floating potential tips with 17 measurement points. At 5 radial locations, additional

information on the local electric field can be gained from examining differences between

the two closely located tips.
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electric field by assuming that the difference of electron temperature in those two location

is negligible.

3.3 Experimental results in MRX

3.3.1 Plasma Parameters and Experimental Regime

Using two-dimensional (R-Z) scans of the previously described probes, 2D profiles of

various plasma parameters such as ne, Te and Φf are obtained. The number of measure-

ment points along the Z direction is 6-7 and the distance between the measurement points

is typically 3 cm. Along the radial direction, electrostatic probes have 11 measurement

points with the 1 cm separation except the edge points (2 cm). More than 1000 discharges

are analyzed based on the reproducibility of the data from the 2-D magnetic probe array

and a reference Langmuir probe in order to select the final data set. The main criteria

are the location of the X-point and the electron density and temperature measured by the

reference Langmuir probes at the upstream. The plasma parameters are controlled such

that the plasma is in the collision-less regime, which provides the opportunity to identify

the energy conversion mechanism in a laboratory plasma.

Figure 3.6 (a) shows a typical shot of the MRX discharge the quasi-steady period in the

pull reconnection phase. The current sheet is elongated along the high-density separatrix

due to the Hall effects. The strength of the guide-field BY is three times larger than the

reconnecting field BX shown as Fig.3.6 (b). The guide-field is about 280 G around the
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Figure 3.6: (a) The magnetic flux (line contour) and out-plane current density (color

contour) in the quasi-steady state of guide-field reconnection. (b) Radial profiles of the

three components of magnetic field along Z=0.
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Figure 3.7: 2D floating potential profile at t = 340 µ s along with contours of the poloidal

flux Ψ. It is measured by the 22-tip floating potential probe at 6 different Z locations.

X-point and the shoulder value of the reconnecting magnetic field is about 90 G.

3.3.2 Quadruple Structure of Plasma Potential

Figure 3.7 shows the 2D profile of floating potential Φf measured by the 22-tip floating

potential probe at 6 different Z directions. This floating potential profile reflects the

key aspects of the in-plane electrostatic potential profile. However, in order to carry out

quantitative analysis, Φf must be converted to the plasma potential Φp using

Φp ≃ Φf + (3.3 + 0.5 lnµ)Te, (3.10)

where µ = mi/mp and Te is in units of eV [69]. Since Φp is depends on the electron

temperature, whose spatial structure is depends on the location of the X-point as suggested

from the UTST and MAST data, we scrutinize the magnetic data to define the location

of the X-point and calculate Φp using reconstructed Φf .

Figure 3.8 shows the measured 2-D profile of the plasma potential Φp in the middle

of the quasi-steady reconnection period along with contours of the poloidal flux Ψ. The

plasma potential is observed to have a quadrupole structure, as has been measured in

previous guide-field reconnection experiments at the VTF [71] and UTST [72]. Such a

structure is required to obtain E∥ = 0 on MHD scales and is also consistent with E ×B

plasma flows through the current sheet.
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Figure 3.8: 2D plasma potential profile Φp with contours of the poloidal flux Ψ.
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Figure 3.9: 2D (a) electron temperature and (b) density profile measured by the triple

Langmuir probe along with the contours of the poloidal flux Ψ.

3.3.3 Electron Heating in Guide-Field Reconnection

Electrons are significantly heated during collision-less reconnection in MRX guide-field

reconnection. Figure 3.9 (a) shows the 2D profile of electron temperature measured by a

triple Langmuir probe. The electron temperatures of upstreams are 10-11 eV (δR > 0) and

5-6 eV (δR < 0). Meanwhile the electron density profile shows the opposite pattern of the

electron temperature profile shown as Fig.3.9 (b). The breakdown and plasma formation

in MRX caused this temperature and density asymmetry. Since the plasma pressure in

two upstreams is comparable, we negligible the asymmetric effects.

The electron temperature is highest (∼ 15 eV) near the X-point. This feature is con-

sistent with other experiment results in TS-3, UTST and MAST. However, there is a
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Figure 3.10: Work done by the electric field on both elections and ions per unit time

and unit volume (E · J). The magnetic energy dissipation is elongated in high-current

separateix, however, mostly localized near the X-point.

difference between this profile and that of the other devices, that the shape of high elec-

tron temperature is elongated along with high-current separatrix.

Since we have 2D plasma potential profile, all three components of magnetic energy

dissipation can be estimated in MRX. Figure 3.10 shows the 2D profile of the work done

by the electric field on both the electrons and ions per unit time and unit volume E ·J at

t = 340µs. Assuming ions is too heavy (the mass ratio is over 7000) to carry the current,

we can discuss about electron energy gain by the E ·J profile. The electrons obtain energy

mostly from the reconnection electric field in a region that is localized near the X-point.

By assuming toroidal symmetry, the electron energy gain from the electric field Wgain

per unit time inside the volume of plasma marked the small blue box in Fig.3.10 can be

calculated as

Wgain =

∫
(E · J)dx3 =

∫ ∫
2πRdRdZ(E · J) ≃ 2.1× 105[W ]. (3.11)

The Ohmic dissipation based on the Spitzer resistivity cannot be the main reason for the

electron energy gain. The current around the X-point is mostly parallel to the magnetic

field for guide-field reconnection in MRX, we can negligible the contribution from perpen-

dicular Spitzer resistivity. The total energy of Ohmic dissipation based on the parallel
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Spitzer resistivity inside the volume is

WSpitzer =

∫
ηS,∥J

2dx3 ≃ 1.4× 104[W ]. (3.12)

This estimation shows that the collisional drag term cannot balance the total energy gain

unless the so-called anomalous resistivity exists around the X-point due to high-frequency

fluctuations, that is consistent with the UTST results discussed in the previous chapter.

3.3.4 Guide-Field Effects on Electron Heating

In order to study the effects of the guide-field on the energy conversion mechanism, we

run the experiment in MRX with varifying the strength of the guide-field while keeping

the strength of the reconnecting field around 90 G. Also, the electron density would play a

important role in the energy conversion process, we maintained it with BY /Brec ∼ 3 case.

Figure 3.11 shows the 1D radial profiles of the electron temperature with three different

guide-field ratio in the middle of the quasi-steady state. It is obvious that the electron

temperature profile is depend on the guide-field ratio. It is important to note that when

the magnetic energy dissipation rate E · J , is decomposed into E∥ · J∥ and E⊥ · J⊥, i.e.,

separating the inner product into that of the perpendicular and parallel components with

respect to the local magnetic field lines, the parallel component, E∥ · J∥, is measured to

be significantly larger than the perpendicular component, E⊥ · J⊥ unlike the anti-parallel
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Figure 3.11: Radial profiles of Te with three different guide-field ratio in the middle of the

quasi-steady state period.
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Figure 3.12: Comparison of two compositions of energy deposition rate measured in MRX

with different guide-field ratio

reconnection experiment. Figure 3.12 shows the guide-field effect on E∥ · J∥ and E⊥ · J⊥.

These results indicate the parallel acceleration is most likely the key physics for the energy

conversion mechanism in the guide-field reconnection.
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Chapter 4

Simulation Setup

In this chapter, a brief overview of the particle-in-cell (PIC) simulation method is de-

scribed. Then, the open boundary technique, that is design to study for magnetic recon-

nection in PASMO code, is described. Then, the Harris-type initial condition for PIC

simulation of magnetic reconnection is described. Finally, it is presented a coordinate

transformation from the Cartesian coordinate system to the magnetic coordinate system.

4.1 Basic Equations

When we assume continuity in the phase space such that particles are neither cre-

ated or destroyed then the considering the flow of particles into and out of a volume of

the phase space, the most complete physical model for studying plasma physics is the

Vlasov equation Eq.4.1, providing a 6-dimensional phase space kinetic description of the

plasma, coupled with the Lorentz force Eqs.4.2-4.5, the relativistic equations of motion

and Maxwell equations for electrodynamics:

∂f(x,v, t)

∂t
+∇ · (vf(x,v, t)) +∇v ·

[ q
m

(E + v ×B) f(x,v, t)
]
= 0 (4.1)

1

c

∂B

∂t
= −∇×E (4.2)

1

c

∂E

∂t
= ∇×B − 4π

c
j (4.3)

∇ ·B = 0 (4.4)

∇ ·E = 4πρ. (4.5)
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Here, the charge density ρ and the current density j become:

ρ =
i,e∑

s

qs

∫
fs(x,v, t)d

3v (4.6)

j =
i,e∑

s

qs

∫
vsfs(x,v, t)d

3v. (4.7)

In a full three-dimensional model, the plasma phase space is six-dimensional. If the

number of grid points, that is the memory required for the simulation, scales as n6, the

memory requirements are far beyond the actual technology limits. It is therefore necessary

to use a “compressed” representation of the discretized the distribution function fs(x,v, t).

Since the distribution function is formed by a lot of particles, one of the method that use

a very sparse phase space representation is the particle-in-cell method. It decomposes the

distribution function into the sum of contributions coming from a finite set of computa-

tional particles. Therefore, we just need to solve the Maxwell’s equations Eqs.4.2-4.5 and

a lot of the equations of motion for the particles at the same time in the super-computer:

d (γ0us)

dt
=

qs
ms

(
E +

us

c
×B

)
(4.8)

dxs

dt
= us, (4.9)

where γ0 = 1/
√
1− u2/c2.

In this work, we use a computational super-particle, which represents many real parti-

cles, to make simulations efficient. It is allowed to rescale the number of particles, because

the Lorentz force depends only on the charge-to-mass ratio, so a super-particle will fol-

low the same trajectory as a real particle would. Furthermore, the ratio between plasma

frequency, ion gyro-frequency and electron gyro-frequency is same as the real plasma. In

order to avoid the noisy solution and huge potential at a single point due to reduced num-

ber of the particles, we installed the finite size particle method in the simulation (discussed

in later section).

4.2 Particle-In-Cell method

Particle-In-Cell (PIC) method is a very intuitive method of plasma simulation where the

basic scheme is to move the electrons and ions within a discrete spatial grid upon which are

calculated electromagnetic fields that are self-consistent with the particle motion. Dealing
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Figure 4.1: Generalized PIC code time-step cycle, particle indices k and grid indices i, j.

with charged particles, the physical description of the problem is closed by the Maxwell

equations for the electromagnetic fields, which are coupled with the particle motion in

a bidirectional way (by the Lorentz force and by the evaluation of charge and current

densities). This forms a simple cycle which is at the core of PIC codes; particle motion

determines field which determines subsequent particle motion. Over a single time step this

cycle can be summarized in Fig.4.1. It is important to note that whilst the fields are only

known at points upon the grid, the particles move continuously throughout the domain.

The processes of an integration cycle of an electromagnetic PIC code are the following:

1. Time advancement of computational particles velocity and position using the equa-

tions of motion and the Lorentz force.

2. Deposition of the quantities needed in Maxwell equations, charge density and cur-

rent density.

3. Time advancement of electromagnetic fields, discretized on spatial grids, (see section

3.4), using Maxwell equations and the quantities computed in step 2.

4. Interpolation of the electric and magnetic fields into the position of particles from

the grid points.

The PIC method has the requirements for the choice of grid size and the time step. The

time step needs to resolve both light-wave propagation, the gyro-motion of electrons and
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the oscillation of electrons. The grid size needs to resolve the electron Debye length to

avoid the so-called finite grid instability due to the aliasing of different Fourier modes.

4.3 Leap-Frog Method

Leap-frog method [73] is an elegant method for integrating Newton’s laws of motion,

that comes from one of the ways to write this algorithm, where positions and velocities

“leap over” each other. Positions are defined at times ti, ti+1, ti+2, . . . , spaced at constant

intervals dt, while the velocities are defined at times halfway in between, indicated by

ti−1/2, ti+1/2, ti+3/2, . . . , where ti+1 − ti+1/2 = ti+1/2 − ti = dt/2. Then, the leap-frog

integration scheme is described as:

xi = xi−1 + vi−1/2dt, (4.10)

vi+1/2 = vi−1/2 + aidt, (4.11)

where a is the acceleration, which is defined only on integer times, just like the positions,

while the velocities are defined only on half-integer times. The accuracy of this method

can be estimated a second order method as:

1. x1 − x0 is of order h, where h is the interval between time steps,

2. the expected leading error ∼ h2 vanishes for the midpoint approximation, and so

the error for one interval is ∼ h3,

3. To integrate over a finite time T the number of intervals is T/h and so the overall

error is of proportional to h3 × (1/h) = h2.

Therefore, the leap-frog method is a second order method, like 2nd order Runge-Kutta,

and better than Euler, which is only first order.

4.4 Particle Solver

In particle simulations of magnetized plasmas, the Buneman-Boris algorithm is the

standard method for advancing a charged particle in an electromagnetic field in accordance
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with the relativistic equation of motion associated with the Lorentz force:

d (γ0us)

dt
=

qs
ms

(
E +

us

c
×B

)
(4.12)

dxs

dt
= us, (4.13)

where γ0 = 1/
√
1− u2/c2. The relativistic parameter γ0 takes a huge number when

the velocities become close to the speed of light. As a result, the small difference in the

velocities leads the large difference in the particle energy. To prevent such an error, we

instead define v = γu and γ =
√

1 + v2/c2 to rewrite Eqs.4.12-4.13 as

dvs

dt
=

qs
ms

(
E +

vs

cγ
×B

)
(4.14)

dxs

dt
=

vs

γ
. (4.15)

This equation of motion is calculated via a finite differencing scheme in which both

position and velocity are calculated every ∆t but out of step by ∆t/2. The equations to

solve become:

vt+∆t/2
p − vt−∆t/2

p

∆t
=

qp
mp

(
Et +

vt
p

cγtp
×Bt

)
(4.16)

xt+∆t
p − xt

p

∆t
=

vt+∆t/2
p

γt+∆t/2
p

, (4.17)

where xp and vp are the position and velocity of a particle p, respectively. And the

superscript values of the variables t and ∆t are the time and the time step in the numerical

simulation.

In order to calculate Eq.4.16 directly, it is easier to decompose it into three steps, that

represents the particle acceleration by electric field and the rotation motion by magnetic

field. First, Eq.4.16 can be derived

v+
p − v−

p

∆t
=

qp
2γtpmpc

(
v+
p + v−

p

)
×Bt, (4.18)

where

v−
p = vt−∆t/2

p +
qp
mp

∆t

2
Et (4.19)

v+
p = vt+∆t/2

p − qp
mp

∆t

2
Et. (4.20)
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When we dot product Eq.4.18 with (v+
p + v−

p ), we find |v+
p | = |v−

p | and that we can get

v+
p by rotating v−

p angle θ around B as shown in Fig.4.2:

tan
θ

2
=

|v+
p − v−

p |
|v+

p + v−
p |

=
qpBt

p∆t

2γtpmpc
=
ωp∆t

2
(4.21)

θ = 2arctan
ωp∆t

2
≃ ωp∆t

(
1− (ωp∆t)2

12

)
, (4.22)

where ωp = qpBt
p/γ

t
pmpc is gyro-frequency of the particle p. In order to decrease the

calculation cost, we decompose it into two steps:

v′
p = v−

p + v−
p × T (4.23)

v+
p = v−

p + v′
p × S, (4.24)

where

T = − Bt

|Bt| tan
θ

2
=

qpBp

mpγpc

∆t

2
(4.25)

S = − 2T

1 + |T |2 . (4.26)

From this, we can now summarize the three step Buneman-Boris algorithm for getting

from vt−∆t/2
p to vt−∆t/2

p as

1. Half-step acceleration by electric field as Eq.4.19

2. Rotation motion by magnetic field as Eqs.4.23-4.24

3. Half-step acceleration by electric field as Eq.4.20

For position update, we simply solve Eq.4.17.

4.5 Field Solver

In PIC simulation scheme, electric and magnetic field are defined on the grid point, that

means the Maxwell’s equations (Eqs.4.2-4.5) are solved on the grid point. When we use

leap-frog method, which is a second-order finite differencing scheme, the equations to solve

are derived as:

Bt+∆t/2 −Bt−∆t/2

∆t
= −c∇×Et (4.27)

Et+∆t −Et

∆t
= c∇×Bt+∆t/2 − 4πjt+∆t/2, (4.28)
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Figure 4.2: Schematic view of Buneman-Boris algorithm.

where, N is the total number of particles in the simulation. This scheme poses some

problems, which we have to know how to calculate the current density jt+∆t/2.

The current density is calculated by using the position and velocities of the particles

moving continuously within the domain. This is the key of a PIC code, which connects the

particle motion component to the fields and allows us to calculate the fields on the grid

self-consistently. For the current density, we take a summation of the particle velocities

and charges weighted on the distance from the grid point as

jt+∆t/2
i =

N∑

p=1

qp
vt+∆t/2
p

γt+∆t/2
p

S(xt+∆t/2
p ), (4.29)

where jt+∆t/2
i is the current density at grid point i. The function S is a shape function

which in this case decides what fraction of current density a particle contributes based on

its position. This shape function is described in following section.

(1)

(0)

(6)

(2)

(4)

(5)

(3)

Figure 4.3: A schematic view of the time integration in PIC simulation code.
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Fig.4.3 shows the summary for time integration of particles (session 4.4) and fields

(session 4.5). It is important to note that we calculate Bt by averaging Bt−∆t/2 and

Bt+∆t/2 to solve the equation of motion, Eq.4.16.

4.6 Finite Size Particle Method

As previously mentioned the fields are localized to discrete grid points whereas particles

travel continuously in the simulation box. When we calculate the charge for a field, it

is possible to simply assign particle charge to the nearest grid point. However, when a

particle moves through the domain the point at which the charge is assigned changes and

this will result in a discrete jump in charge density across grid points. This will make for

a noisy solution due to small number of the super-particles but this can be reduced by

weighting the particle charge between more neighbouring grid points; finite size particle

method. In the PASMO code, we use a triangle shape for the shape function (called as

Cloud-in-Cell (CIC) method). Figure 4.4 shows a concept of the shape function on one-

dimensional grid. The width of the triangle shape function is 2∆x, that has contribution

to three grid points near the particle. Then, the shape function S is described as

S(xs −X) =

⎧
⎨

⎩
1−

|xs −X|
∆x

(|xs −X| ≤ ∆x)

0 (|xs −X| > ∆x)
(4.30)

where xs is the position of the particle and X is a grid point.

When the particle is located between grid point Xi and Xi+1 as shown in Fig.4.4, the

contribution of the charge and velocity from the particle is calculated as the fraction of that

Figure 4.4: The shape function on the one-dimensional grid.
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between Xi−∆/2 and Xi+∆/2, where is painted in the orange region in Fig.4.4. Therefore,

the weight from the particle at the grid point Xi can be described as

Si =

∫ Xi+∆/2

Xi−∆/2

S(xs −X)dX. (4.31)

In the PASMO code, we use dx = xs −Xi to calculate the weight Si at the grid point

instead of integrating over the space. The contribution to the three grid points Xi−1, Xi

and Xi+1 become

Si−1 =
∆x

2

(
1

2
− dx

)2

, (4.32)

Si = ∆x

(
3

4
− dx2

)
, (4.33)

Si+1 =
∆x

2

(
1

2
+ dx

)2

. (4.34)

This weight can be applied into multi-dimensional by multiplication in the number of

dimensions. For example, the simulation for this work is done by two-dimensional, the

weight at a grid point Xi,j can be described as

Si,j(xs) = Si(xs)Sj(xs). (4.35)

On the other hand, the fields acting on the particle are interpolated back in exactly the

same way. For instance to calculate the electric field acting on particle xs is describes as

E(xs) =
∑

i,j

Ei,jS(i, j). (4.36)

4.7 Boundary Condition

All of the reconnection simulations in this work are performed in 2.5D. Vector quantities

in the third dimension are allowed to exist. However, there is no variation along the

third (z) dimension. The simulation domain is a rectangular box of size Lx × Ly, with

Lx = 1536λD and Lx = 384λD. Figure 4.5 shows the simulation box in 2D PASMO

code. In order to understand the energy conversion mechanism of magnetic reconnection

and mimic the laboratory reconnection experiment, we used a free condition is used at the

downstream boundary and an input driven condition is used at the upstream boundary. In

the upstream region, the ideal magnetohydrodynamics (MHD) condition for the plasma,
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that hat the frozen-in condition is satisfied for both ions and electrons, can be assumed:

E + u×B = 0. (4.37)

Then the plasma is smoothly supplied with the E ×B drift velocity into the simulation

domain:

uin =
Ein ×Bin

B2
in

. (4.38)

The plasma inflows are symmetrically driven from two upstream boundaries by the exter-

nal electric field imposed in perpendicular to the magnetic field. The amplitude of driving

field Ed,z(x, t) is initialized to zero at t = 0, and increases with time while keeping a bell-

shaped profile near the center and a flat profile in the periphery for an initial short time.

This driving field Ed,z(x, t) is controlled by two parameters: maximum flux input rate E0

and the spatial size of initial bell-shaped profile xd (input window size). The distribution

function of incoming particles at the input boundary is assumed to be a shifted Maxwellian

with a constant temperature and the average velocity equal to the E ×B drift velocity.

We adopt an open boundary condition in the PASMO code, where electric and magnetic

fields freely expand from the downstream region and plasmas never re-enter the diffusion

region after they pass through the reconnection region. Plasmas encounter energy conver-

sion events only once in contrast to the periodic system, in which the plasma gains energy

through reconnection many times (periodically). Furthermore, under the open boundary

condition, we can obtain quasi-steady state, where initial Harris-type sheet is exhausted

and the reconnection electric field is spatially uniform and temporally constant.

Field quantities Ex, Ey and ∂Ez/∂x are assumed to be continuous at the downstream

upstream

downstream

Driving inflow by Ez

Open boundary

z x

y

Figure 4.5: Simulation box in 2D PASMO code. The free condition is used at the down-

stream boundary and an input driven condition is used at the upstream boundary.
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boundary. Magnetic field at the boundaries is directly given by solving Maxwell equations

there.

In PASMO code, the model for the open boundary condition for particles is different

from most codes [74]. When the positions of particles are updated by the particle solver,

the particles in the X-boundary (downstream) cell and outside the simulation box are

removed. To realize the assumption that the physical quantity outside is the same as

that in the boundary region, we make the same particle distribution function in the X

boundary cell as in the n-th region, which is the (n－ 1)-th neighbor of the X-boundary

cell. The positions and velocities of particles in the X-boundary cell are defined using

the information for particles in the n-th region. In other words, all of the particles in the

X-boundary cell are replaced by those in the n-th region. When the number of electrons

and ions are different in the X-boundary cell, those are loaded in the X boundary cell is

adjusted to satisfy charge neutrality in the entire system. In this model, the variation of

particle quantities along the x direction nearly vanishes at the boundary. Accordingly, the

zero normal condition is realized there.

4.8 Initial Conditions and Normalization

As an initial condition, we adopt a one-dimensional equilibrium with the Harris-type

antiparallel magnetic configuration [20] as

Bx(y) = B0 tanh(y/L), (4.39)

Bz(y) = Bz,0, (4.40)

P (y) =
B2

0

8π
sech2(y/L) + P0, (4.41)

where reconnecting magnetic field B0, initial guide-field Bz,0, plasma pressure of back-

ground particles P0 = 0.35(B2
0/8π) are constants and L is a scale height along the y-axis.

There is a magnetically neutral sheet along the mid-horizontal line (y = 0) in the initial

equilibrium. The initial particle velocity distribution is assumed to be a shifted Maxwellian

with spatially constant temperature and average particle velocity equal to the diamagnetic

drift velocity. Thus, the particle distribution function can be described as

fs(y) = n0 sech
2(y/L)

(
ms

2πTs

)3/2

exp

[
−
ms(v2s,x + v2s,y + (vs,z − us)2)

2Ts

]
. (4.42)
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The initial condition satisfies the kinetic equilibrium under the following condition:

−ui

ue
=

Ti

Te
, L =

2(Ti + Te

B0|ui − ue|
. (4.43)

As a result, it is satisfied the pressure balance and Ampere’s law:

n0(Ti + Te) =
B2

0

8π
, (4.44)

en0(ui − ue) =
B0

4πL
. (4.45)

Because both the ions and the electrons are loaded at the same spatial position, there is

no electric field in the initial profile.

The normalization for the variable physical values in the simulation is following:

m = m̂me, (4.46)

q = q̂e, (4.47)

t = t̂/ωce, (4.48)

v = v̂/c, (4.49)

x = x̂ (c/ωce,x) , (4.50)

E = Ê
(mecωce,x

e

)
, (4.51)

B = B̂
(mecωce,x

e

)
, (4.52)

where q is the charge, e is the elementary charge, me is the electron’s rest mass, ωce is

the electron cyclotron frequency, c is the light speed and ωce,x = eB0/me is the elec-

tron cyclotron frequency defined by only reconnecting component of magnetic field at the

upstream.

J

B

Figure 4.6: A schematic view of one-dimensional Harris-type equilibrium condition.
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4.9 Magnetic Coordinate System

In this work, we use magnetic coordinate system instead of the Cartesian coordinate

system to analyze the output data from the simulation and understand the physics asso-

ciated with the particle motion. The transformation of coordinate system is performed

as

ˆe⊥2 = B̂p × êz, (4.53)

ê∥ = B̂, (4.54)

ˆe⊥1 = ˆe⊥2 × ê∥, (4.55)

where B̂p = Bp/|Bp| is poloidal magnetic field normalized by the strength of the poloidal

magnetic field and êz is the unit vector along z-axis. Figure 4.7 shows the concept of the

coordinate transformation, which is based on two rotation operations: (1) a rotation with

angle φ in x-y plane and (2) a rotation with angle θ. The operations (1) and (2) can be

described as

⎛

⎜⎝

ˆe′⊥1
ˆe′⊥2

ê′∥

⎞

⎟⎠ =

⎛

⎜⎝
0 0 1

sinφ − cosφ 0

cosφ sinφ 0

⎞

⎟⎠

⎛

⎜⎝
êx
êy
êz

⎞

⎟⎠ , (4.56)

⎛

⎜⎝
ˆe⊥1

ˆe⊥2

ê∥

⎞

⎟⎠ =

⎛

⎜⎝
sin θ 0 −cosθ

0 1 0

cos θ 0 sin θ

⎞

⎟⎠

⎛

⎜⎝

ˆe′⊥1
ˆe′⊥2

ê′∥

⎞

⎟⎠ . (4.57)

In summary, the operation of coordinate transformation can be described as

⎛

⎜⎝
ˆe⊥1

ˆe⊥2

ê∥

⎞

⎟⎠ =

⎛

⎜⎝
− cosφ cos θ − sinφ cos θ sin θ

sinφ − cosφ 0

cosφ sin θ sinφ sin θ cos θ

⎞

⎟⎠

⎛

⎜⎝
êx
êy
êz

⎞

⎟⎠ . (4.58)
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(a) (b)

Figure 4.7: The concept of the coordinate transformation from the Cartesian coordinate

to the magnetic coordinate system.
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Chapter 5

Simulation Results

In this chapter, the results from 2D PASMO simulation of guide-field reconnection is

discussed. First, the quasi-steady state of the reconnection when we performed data anal-

ysis is reported. Then, The electric field structure, which plays a key role in the electron

energization, is presented. Finally, the observed parallel and perpendicular acceleration

and heating are discussed.

5.1 Quasi Steady-State of Reconnection

As time goes on, the reconnection process gradually relaxes toward a steady state.

Figure 5.1 (a) shows the temporal evolutions of the reconnection electric field Ez for the

case guide-field ratio is 3, where the thin dotted lines stand for the values of the external

driving electric field Ed=0.04.

The reconnection electric field is defined as the out-of-plane electric field at the X-point,

that is a direct measure of the reconnection rate. There exist two temporal phases in the

evolution of the reconnection electric field, i.e., the growing phase and saturation phase.

The reconnection field experiences a fast growth, starts to saturate and then gradually

approaches the external driving field. These results lead us to the conclusion that the

system transits to a steady reconnection state in which the reconnection rate is balanced

with the flux input rate at the boundary. This conclusion is consistent with the requirement

for a steady state.

The steady reconnection rate is mainly controlled by the external driving electric field

Ed, which is consistent with the requirement for a 2D steady state, though there is a

small fluctuation around Ed. Furthermore, for 2D quasi-steady reconnection, the out-of-
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Ez

Ez (Reconnection E field) at X-point
(a)

(b)

0.05

0.02

-0.01

-0.04
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-0.10

-0.11

-0.14

Figure 5.1: (a) The time evolution of out-of-plane electric field at the X-point. The out-

of-plane electric field Ez becomes uniform in space after tωce,z = ts ≃ 1400. (b) The

time evolution of out-of-plane electric field Ez in 2D. It penetrates toward the center of

the simulation box from the upstream boundaries and becomes uniform in space after the

quasi-steady state.



5.2 Electric Field Structure 69

plane electric field becomes uniform in space, and therefore this field must be equal to the

external driving field Ed at the boundary, which is verified from Faraday’s law, as shown

in Fig.5.1 (b).

Since the physical quantities are almost kept unchanged in the quasi steady-state, we

averaged the simulation data over time during tωce,z = 1596.37-1619.34 (red region in

Fig. 5.1(a)), which is comparable to 3.66 electron gyration periods in order to decrease

statistical noise. The following data analysis is performed by using the averaged data.

5.2 Electric Field Structure

5.2.1 Parallel Electric Field

One of the signature of the guide-field reconnection is the parallel electric field structure

along the low density separatrix arm [42; 43]. Since the guide-field component of the

magnetic field and the reconnection electric field is in the same axis, there is a parallel

electric field component to the magnetic field at the X-point. When the reconnection

9.6

7.2

4.8

2.4

0.0

-2.4

-4.8

-7.2

-9.6

Figure 5.2: 2D spatial profiles of the Lorentz force, pressure and inertia terms in out-of-

plane component of the generalized Ohm’s law.
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relaxes to a quasi steady-state, the generalized Ohm’s law is written as

E + ve ×B = − 1

qne
∇ · Pe −

me

q

(
∂

∂t
+ ve ·∇

)
ve. (5.1)

Figure 5.2 shows the 2D spatial profiles of the out-of-plane z-components of ideal and non-

ideal terms in Eq.5.1. The frozen-in condition for electrons is broken by both the pressure

term and the inertia term near the X-point. Since the dot product of the Lorentz term in

Eq.5.1 and the magnetic field, (ve ×B) ·B = 0, the parallel electric field E∥ = E · B̂ is

sustained by these pressure and inertia terms of the generalized Ohm’s law. In the high

guide-field condition, the magnetic field line is mainly in z-direction, it is found that the

pressure term shown in Fig.5.2 (b) plays a key role in the generation of the parallel electric

field.

When the inflows from the upstream boundaries are driven by the external electric

field Ez, the electrons can be accelerated parallel to the magnetic field since there is

guide-field in the same direction. Meanwhile, ions cannot follow the electron dynamics

due to the mass ratio, there is ion rich region near the X-point. In order to maintain

the charge neutrality, electrons are coming from the upstream, however, they would be

accelerated by the electric field along the separatrix. As a result, quadruple structure of

the electron density is achieved. It breaks the symmetry of the electric field structure and
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5

Figure 5.3: 2D spatial profiles of the parallel electric field and electron density profile.
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Figure 5.4: 2D spatial profiles of the perpendicular electric fields, which are mainly elec-

trostatic fields generated by the charge separation.

the pressure profile would play a role to generate the parallel electric field along the low

density separatrix arm as shown as Fig.5.3.

5.2.2 Perpendicular Electric Field

Figure 5.4 shows the perpendicular electric fields E⊥,1 and E⊥,2 in the high guide-field

reconnection, where the magnetic coordinate system is discussed in the previous chapter.

It is found that E⊥,1 is localized in the vicinity of the X-point on the mid-plane (y = 0)

and E⊥,2 is peaked along the magnetic field line in the separatrices.

The perpendicular electric fields, unlike the parallel electric field, are mainly electrostatic

fields, which is generated by the charge separation. The out-of-plane magnetic field in the

high guide-field condition consists of a symmetric guide-field and quadrupole field created

by the Hall current, as a result, the magnetic pressure decreases in the region where the

sign of the quadrupole field is opposite to that of the guide-field, while in the other region,

the magnetic pressure increases. The external driving plasma flow strongly compresses

the weak magnetic pressure region, and thus the asymmetric profile of the out-of-plane

magnetic field is formed. Strong compression creates an electron-rich region in the region

of the weak magnetic field near the high density separatrix, where the electron current

layer evolves. as shown in Fig.5.5.
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Figure 5.5: 2D spatial profiles of the normalized charge density (ni − ne)/ne.

5.2.3 Charge separation

Although the pressure gradient force balances the Lorentz force in the Harris equilibrium,

the electrostatic force balances the Lorentz force in the y direction as

neeEy =
1

c
(JezBx − JexBz) . (5.2)

This equation is equivalent to the electron frozen-in condition in the inflow direction. The

electrostatic field is maximized around the electron skin depth and its value is much larger

than the pressure tensor term. By using Ampere’s law and the fact that the current

density is carried mainly by electrons, the force-balance equation Eq.5.2 is rewritten as

neeEy = − ∂

∂y

(
B2

x +B2
z

8π

)
+

1

4π

(
Bx

∂By

∂x
+Bz

∂Bx

∂z

)
. (5.3)

This equation suggests that the electrostatic force balances the magnetic pressure force

which is a main component of the Lorentz force. The inward flowing magnetized electrons

carry magnetic flux towards the electron dissipation region away from the ion dissipation

region. If the half-width of charge separation region (CSR) is given by the electron skin

depth de, using Gauss’ law, Eq.5.2 can be rewritten as

4πnee2

mec2
de(ni − ne) =

−1

4πmec2

[
∂

∂y

(
B2

x +B2
z

2

)
−Bx

(
∂By

∂x

)]
,

1

de

∫ (
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ne

)
dy = −1
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(
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c

)2

+
1

4πnemec2

∫
Bx

∂By

∂x
dy,

= −1

2

(
Ve,Alf,t

c

)2

+R
√

me

mi

(
Ve,Alf,x

c

)2

. (5.4)
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(a)

(b)

(c)

Normalized charge density

Figure 5.6: (a) 2D spatial profiles of the normalized charge density n̂c = (ni−ne)/ne with

the red line, which presents the peak value of the normalized charge density. 1D profiles

of (b) the partial differential of the each term in the generalized Ohm’s law in the inflow

direction and (c) the relation between the electron Alfvén velocity at the edge of CSR and

normalized charge density according Eq.5.5 along the red line in the above panel (a).
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As a result, a relation between the electron Alfvén velocity at the edge of CSR and

normalized charge density inside CSR can be obtained as

〈
ni − ne

ne

〉
= −1

2

(
Ve,Alf,t

c

)2

+R
√

me

mi

(
Ve,Alf,x

c

)2

. (5.5)

Here,

Ve,Alf,t =

√
B2

x +B2
z

4πneme
, Ve,Alf,x =

Bx√
4πneme

and R =
Ez

Bx,0Vi,Alf,x
. (5.6)

Figure 5.6 (b) shows the contribution from the partial differential of the each term in

the generalized Ohm’s law in the inflow direction along a red line shown in Fig.5.6 (a),

where the normalized charge density has peak value. It is obviously found the Lorentz

force is the main component for the force balance in the inflow direction and that is

almost constant along the high density separatrix where the normalized charge separation

is peaked. Figure 5.6 (c) shows the contribution from each term in the Eq.5.5 along the

red line shown in Fig.5.6 (a). It is clearly seen that the normalized charge density is about

0.06, which satisfies Eq.5.5 with high accuracy. The detail physics about the reason why

the normalized charge density has a constant value along the high density separatrix needs

future discussion.

5.3 Energy Conversion Mechanism for Electrons

5.3.1 Overview of Electron Energy Conversion Mechanism

The energy conversion mechanism for electron energy, both the thermal and the kinetic

energy, is investigated by means of two-dimensional, full-particle simulations in an open

system. The parallel electric field is generated in the low density separatrix and that

accelerates electrons along the separatix, as a result, electrons from a beam component

of the distribution function. When the accelerated electrons escape from the X-point and

meet the cold bulk component, the thermal energy can be pile-up in there. It is also shown

that electron perpendicular heating is mainly due to the breaking of magnetic moment

conservation in separatrix region because the charge separation generates intense variation

of electric field within the several electron Larmor radii. Meanwhile, electron perpendicular

acceleration takes place manly due to the polarization drift term as well as the curvature
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Figure 5.7: 2D profiles of (a) the perpendicular electron thermal energy Te,∥ and (b) the

perpendicular electron kinetic energy Ke,∥ per a single electron in the quasi-steady state.

The physical quantities are averaged over time during tωce,z = 1596.37–1619.34, which is

comparable to 3.66 electron gyration periods.

drift term of E ·u⊥ in the downstream near the X-point. The enhanced electric field due

to the charge separation there results in a significant effect of the polarization drift term

on the dissipation of magnetic energy within the ion inertia length in the downstream.

5.3.2 Parallel Acceleration and Heating

Figure 5.7 shows the thermal component of electric parallel energy Te,∥ = Pe · B̂2/ne

and Ke,∥ = 0.5me

(
ue · B̂

)2
, where Pe is the diagonal term of electron pressure tensor,

B̂ = B/|B| is the normalized magnetic field and ne is electron density. It is clearly shown

that electrons are accelerated by the parallel electric field along the separatrix and they

gain kinetic energy in the vicinity of the X-point. Since the collision effect is not installed in

this 2D simulation, the accelerated electrons from a beam component in the distribution

function in the vicinity of the X-point. It explains that the thermal component is not

peaked at the X-point.

Figure 5.8 shows the electron distribution function sampled in the boxed area illustrated

in Fig.5.7 in the vicinity of the X-point. It is found the parallel beam component of

electron distribution function at the X-point. This beam component, which is also found

in previous researches [35; 42; 43; 75] can drive beam type instability that we do not discuss
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a1              a2              a3
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Figure 5.8: The electron distribution fe(v⊥,1, v⊥,2, v∥) sampled in the boxed area illus-

trated in Fig.5.7 in the vicinity of the X-point.

in this dissertation. The electron parallel acceleration is often observed by the satellites’

measurements in the magnetotail [66; 76].

5.3.3 Perpendicular Acceleration and Heating

Figure 5.9(a) shows the thermal component of electron perpendicular energy Te,⊥ =

Pe · (I − B̂2)/2ne, where Pe is the diagonal term of electron pressure tensor, I is a unit

matrix, B̂ = B/|B| is the normalized magnetic field and ne is electron density. It is

shown that Te,⊥ increases in one pair of separatrix arms (region (i)) and little region

of the other pair of separatrix arms (region (ii)) during high guide-field reconnection.

Since the out-plane magnetic field Bz is almost spatially uniform in the vicinity of the

central diffusion region, including the X-point and separatrix region near the X-point

[35], the intensity of magnetic field only has a 20% difference between the X-point and

the separatrix region. That is, the mirror effect is not effective during the high guide-

field reconnection. Therefore, the magnetic moment conservation of electrons is obviously

broken in the separatrix region.

Figure 5.10 (a) and (b) show charge separation and parallel electric field structure in

the right half region. In the guide-field reconnection, the parallel electric field is generated

in a pair of separatrix arms, which indicates the violation of the frozen-in condition for

electrons (E + ve ×B ̸= 0), as clarified in several papers [36; 42; 43; 44]. The electrons,

which are easily accelerated by the parallel electric field, accumulate in both the region (i)

and (ii). Because the ions cannot move as quickly as the electrons, accumulated electrons

are charging negatively the region (i) and (ii) as shown in Fig.5.10 (a). Due to the presence



5.3 Energy Conversion Mechanism for Electrons 77

(a)

(b)

58

52

46

40

34

28

22

16

10

6.3

5.6

4.9

4.2

3.5

2.8

2.1

1.4

0.7

0.0

(i)

(i)
(ii)

(ii)

Figure 5.9: 2D profiles of (a) the perpendicular electron thermal energy Te,⊥ and (b) the

perpendicular electron kinetic energy Ke,⊥ per a single electron in the quasi-steady state.

The physical quantities are averaged over time during tωce,z = 1596.37–1619.34, which is

comparable to 3.66 electron gyration periods.

of charge separation, intense variation of electric fields is present with electron scale in

both the region (i) and (ii) as shown in Fig.5.10 (c). In general, the fast electron motion

plays a role to neutralize the charge separation quickly in plasma, however, the non-ideal

effects sustain the electrostatic field, which is generated by the charge separation in the

separatrix region as shown in Fig.5.10 (d). The width of the charge separation δd can be

estimated from the electron dynamics as

δd = Vd

√
2Lme

qE∥
∼ E

B

√
2Lme

qE∥
∼ re

√
2Vd

vth,e

L

re
, (5.7)

where Vd is E × B drift velocity, L is length of the parallel electric field along the field

line and re is the electron Larmor radius. Since the parallel electric field is balanced with

the pressure term and the inertia term, L is comparable to the ion inertia length di0. The

width of the charge separation δd can be estimated under the assumption L ∼ di0 as

δd ∼ re

√
2Vd

vth,e

di0
re

= re

√
2Vd

vth,e

c

vth,e

ωce

ωpe

√
mi

me
. (5.8)

Using typical values for these parameters at sites of reconnection [54; 77; 78], δd is esti-
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Figure 5.10: 2D profiles of (a) charge separation ni−ne with the trajectory of test particles,

wherein red and blue region means ion and electron rich respectively and (b) parallel

electric field E∥ in the quasi-steady state. (c) 1D profiles of the charge separation ni −
ne, the variation of magnetic moment from that in the upstream µe − µe,in, the partial

differential of electric field normalized to peak value of ∆Ey, where ∆Ex = ∂Ex/∂y and

∆Ey = ∂Ey/∂y along the illustrated cut, x = 1.11c/ωce. (d) The spatial profile of each

term in the in-plane component (y-direction) of the electron momentum equation along

x = 1.11c/ωce. (e) The time evolution of magnetic moment of the test particles.
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mated as several electron Larmor radii. Therefore, the variation of electric fields, which

caused by the charge separation, breaks the conservation of magnetic moment µe and

increases the electron perpendicular temperature Te,⊥ as shown in Fig.5.10 (c). The tra-

jectories of the typical electrons are provided in Fig.5.10 (a) by means of the test particle

simulation. When the electrons move across the separatrix, the electron magnetic moment

µe increases due to the structure of electric fields as shown in Fig.5.10 (e).

On the other hand, the electron perpendicular kinetic energy Ke,⊥ = 0.5meu2
e · (I −

B̂2) due to the various drifts increases in the downstream near the X-point as shown

in Fig.5.9 (b). Here, ue ≡ ⟨ve⟩v is the electron fluid velocity and the operator ⟨a⟩v =

1/ne

∫
dvafe(x,v, t) indicates the integration over velocity space. The electron current

density perpendicular to magnetic field can be expressed as

neu⊥ = P∥
B × (B ·∇)B

B4

+ P⊥

(
B

B3

)
×∇B −

[
∇× P⊥B

B2

]

⊥
(5.9)

+ ρ
E ×B

B2
+ ρm

B

B2
× duE

dt
,

where P∥ ≡ neme ⟨v2e,∥ve⟩
v
, P⊥ ≡ 0.5neme ⟨v2e,⊥ve⟩v, ρ is charge density, ρm is electron

mass density and uE is E ×B drift velocity, respectively [79; 80; 81]. The terms on the

right hand side of Eq.5.9 are due to curvature drift, ∇B drift, magnetization, E×B drift

and polarization drift, respectively. The expression is simplified as u⊥ = uc +ug +um +

uE×B + up, in which uE×B does not affect the energy conversion. Since the pressure

tensor is gyrotropic due to the high guide-field, Eq.5.9 gives an accurate description for

u⊥.

Figures 5.11(a) and (b) show the spatial distribution of E · up and E · uc respectively.

The polarization drift term E · up has a significant effect in the downstream near the

X-point, while the curvature drift term E · uc is a globally dominant term of E · u⊥.

In contrast, the contribution from ∇B drift in the high guide-field reconnection is small

unlike that in the anti-parallel reconnection [81]. The contribution from the magnetization

term is small compared to these two. When the flow velocity u is along the magnetic field

curvature κ due to tension force, the curvature drift term can be estimated as E · uc ∼

(P∥/neB×κ/B2) ·(−u×B) > 0. The cumulation of curvature drift for energy conversion

is significant near the X-point due to the magnetic field curvature κ in the downstream.
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Figure 5.11: 2D profiles of the energy conversion rate due to (a) polarization driftE·up and

(b) curvature drift E ·uc in the quasi-steady state. (c) 1D profiles of the energy conversion

rate due to different types of current terms. E · uc, E · up, E · ug and E · um represent

energy conversion due to curvature drift, polarization drift, ∇B drift and magnetization,

respectively. (d) 1D profiles of the partially differential value of charge separation in the

y-direction ∆(ni − ne) = ∂(ni − ne)/∂y and Ey.
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The overall effect of E ·uc is a strong electron energization. By contrast, the polarization

term E ·up whose intensity is comparable to the E ·uc for electron energization, is localized

around the X-point. This polarization term is elaborated later.

Figure 5.11(c) shows the cumulation of E · uc, E · up, E · ug and E · um along the x-

direction. In the vicinity of the X-point, the polarization term E ·up has a significant effect

on the electron magnetization. The scale of E ·up is present within the ion inertia length

di0 in the vicinity of the X-point due to the charge separation as shown in Fig.5.11(d).

This charge separation is caused by the parallel electric field, which is sustained by the

non-ideal term of generalized Ohm’s law. Due to the charge separation, Ey increases

within the ion inertia length di0 as shown in Fig.5.11(d). The polarization term E · up

during the quasi-steady state under the high guide-field condition can be estimated as

E · up ≃ E ·
(

B

|B|2 × (u ·∇)uE

)

∼ Ey
B2

z

|B|4ux
∂Ey

∂x
. (5.10)

Therefore, Ey enhanced by the charge separation causes dissipation of magnetic energy and

results in the electron perpendicular acceleration near the X-point in the high guide-field

reconnection.

5.4 The Mass Ratio Effects

It has been discussed that the charge separation plays a key role on the energy conversion

mechanism for electron. In general, the mass ratio effect only changes the detail structure

but not overall behavior of the plasma. The charge separation, however, could be highly

sensitive with the mass ratio. Since the mass ratio we used in the numerical simulation is

reduced to 100 from the real nature (1836 if ion is hydrogen), it should be evaluated that

the mass ratio effects on the energy conversion mechanism during magnetic reconnection

with a guide-field.

We performed with different values of mass ratio varied from mi/me = 25 to mi/me =

200 for the magnetic reconnection with a guide-field. Figure 5.12 shows the mass ratio

effect on the width of the charge separation normalized by the electron gyro-radius δd/re.

The red circles denote the simulation results with different mass ratio and the blue like

represents the result from Eq.5.8. The simulation results agree with the predicted mass
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Mass ratio

Figure 5.12: The relationship between the mass ratio mi/me and the width of the charge

separation normalized by the electron gyro-radius δd/re at the separatirx. The red circles

denote the simulation results and the blue line represents the result from Eq.5.8.

ratio effect by Eq.5.8. This agreement is one of the evidence that we can rely on this

equation to describe the width of the charge separation at the separatrix even this does

not prove that the Eq.5.8 is universal. Since the dimension-less parameter ωpe/ωce and the

ratio between the light velocity and the initial electron thermal velocity c/ve,th are both

reduced to 9 from the typical value at sites of reconnection 10-100 and 20-200, respectively,

the simulation results represent δd/re could reach 10 in the real mass ratio 1836. Using

typical values for these parameters at sites of reconnection, however, δd/re is estimated

below 10 as discussed in previous section.
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Chapter 6

Discussion and Conclusions

We introduced the guide-field reconnection results from UTST and MRX laboratory

experiments and 2D PASMO numerical simulation in previous chapters. In both the

experiments and the simulations, the electron heating was observed in the vicinity of the

X-point and at the separatrix. In this chapter, we discuss a possible electron heating

mechanism based on the experiment and simulation results.

6.1 Comparison between the Experiments and the Simulation

In the MRX guide-field reconnection experiment, the electron temperature measured

by the Langmuir probe is highest around the X-point and elongated along with the high

density separatrix. Since the electron parallel acceleration and heating occurs in the

vicinity of the X-point, it can not explain the electron heating in the separatrix. On the

other hand, the perpendicular heating suggested in previous chapter occurs at the high

density separatrix. Therefore, the experiments and simulations suggest that electrons gain

both the parallel and perpendiuclar kinetic/thermal energy by parallel electric field, which

is mainly inductive field and perpendicular electric field, which is mainly electrostatic field,

respectively.

Figure 6.1 shows the guide-field ratio dependance on the electron heating in the vicinity

of the X-point in MRX experiments and PASMO simulations. The feature of electron

heating measured in MRX agrees well with that of 2D PASMO numerical simulations

qualitatively. However, the spatial width of the high temperature region is broader when

the guide-field ratio decreases. The possible candidate for this problem is effects from 3D

structure such as flux ropes are proven to be important under certain discharge conditions
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Figure 6.1: Radial profiles of Te with three different guide-field ratio in the middle of the

quasi-steady state period in MRX experiments and PASMO simulations.

[82]. When the guide-field ratio increases, the reconnection itself becomes 2D-like, thus,

the difference between the experiments and the simulations becomes small.

6.2 Conclusions

Experimental and simulation studies on energy conversion for electrons during guide-

field reconnection lead to the following three central conclusions:

1. Electrons are heated non-classically around the X-point. Energy from the reconnec-

tion electric field is quickly dissipated near the electron diffusion region and classical

Ohmic dissipation does not account for the large observed electron heating, indicat-

ing the presence of anomalous resistivity.

2. The electron heating observed around the X-point strongly depends on the guide-

field ratio, indicating the parallel acceleration for electrons is the main energy con-

version mechanism for the guide-field reconnection.

3. The perpendicular electron heating and acceleration are suggested by means of 2D

PIC simulation. Breaking of electron magnetic moment due to the charge sepa-

ration leads the electron perpendicular heating at the high density separatrix and

electrons are accelerated perpendicularly near the X-point and exhausted into the

downstream.

Each of the above main conclusions is described in detail in the following subsections.
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6.2.1 Electron heating at the X-point

The 2D electron temperature profile obtained using Thomson scattering measurement

system and triple Langmuir probes in UTST and MRX respectively shows that electrons

are heated around the X-point. Measurements and analyses suggest that electrons are

heated by anomalous resistivity, but the precise mechanisms that generate the anomalous

resistivity remain unknown. The classical Ohmic dissipation based on the perpendicular

Spitzer resistivity cannot explain the measured 2D temperature profile. The required

heating power exceeds that of classical Ohmic dissipation by a factor due to the high

electron temperature. To explain the high electron temperature, the Ohmic dissipation

must be larger than the classical value, indicating the presence of anomalous resistivity.

Magnetic and electrostatic fluctuations in the lower hybrid frequency range are observed

near the X-point. These fluctuations may contribute to the observed non-classical electron

heating, but additional measurements on the wave characteristics are required to draw

definitive conclusions.

6.2.2 Guide-field effects on the electron heating

The 1D electron temperature profile with three different guide-field ratio in MRX sug-

gests that the guide-field ratio plays a key role on the electron heating near the X-point.

The parallel component ofE ·J is dominant in all three different guide-field ratio unlike the

anti-parallel reconnection [83]. Since this trend is also observed in 2D PASMO simulation

qualitatively, the parallel acceleration is a strong candidate for the electron energization

in the vicinity of the X-point.

6.2.3 Electron perpendicular heating and acceleration

The electron perpendicular heating mainly due to the breaking of magnetic moment con-

servation in the high density separatrix is observed in 2D PASMO simulation. The charge

separation generates intense variation of electric field, which is sustained by the non-ideal

effects within the several electron Larmor radii. Meanwhile, electron perpendicular accel-

eration takes place manly due to the polarization drift term as well as the curvature drift

term of the magnetic energy dissipation in the downstream near the X-point. This energy
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conversion mechanism can explain the elongated profile of the high electron temperature

measured in MRX.

6.3 Suggested Future Works

6.3.1 Anomalous Resistivity

The observed non-classical electron heating is related to an important problem. We

observed magnetic and electrostatic fluctuations in the lower hybrid frequency range in

the MRX experiment. These fluctuations may originate from different types of waves

propagating along the magnetic fields, which possibly contribute to the development of

anomalous resistivity near the X-point. A full particle simulations for the wave activity

in 2D or 3D with verifying the guide-field ratio are required to address this problem.

6.3.2 Collisional Effect

Since the parallel acceleration is a key energy conversion mechanism, the collisional

effects, which changes the Dreicer runaway field, can be studied in detail via numerical

simulation with installing the collisional effect. In the anti-parallel reconnection, the effects

from Coulomb collisions are reported to contribute to broadening the width but the layer

width remains narrow in simulations [84]. However, the role of the collision is still open

question in the guide-field reconnection.

6.3.3 Energetic Particles

Runaway electrons are expected to exist near the X-point when the reconnection elec-

tric field exceeds the Dreicer runaway field, in both MRX and UTST [40]. Using Soft

X-Ray measurement, the existence of the energetic particles is reported, however, the de-

tail mechanism is still unsolved due to the limited spatial resolution of the measurement

system. It is valuable to measure if and where the fast electrons are generated. There

are ongoing debates on energetic particle generation between models based on the sin-

gle X-line geometry and those emphasizing the multiple X-line geometry. Measuring the

population of energetic electrons under different magnetic geometries will be beneficial for

understanding energetic particle generation.
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