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Abstract

Magnetic reconnection is a fundamental process in the universe, in
which magnetic field energy is converted into plasma kinetic energy
associated with a topological change in the magnetic field. Magnetic
reconnections have been extensively investigated in space in the form
of solar terrestrial plasmas, and also in laboratories in the form of
magnetic confinement plasmas and laser-produced plasmas. Macro-
scopic features of magnetic reconnections can be well described in the
context of magnetohydrodynamics (MHD) across a wide variety of
research fields. However, how the kinetic regime of magnetic reconnec-
tion should be connected to the macroscopic MHD regime is still an
open question. It is generally assumed that electron dynamics play an
essential role in the triggering mechanism of magnetic reconnections.
In this review, we discuss magnetic reconnections on the electron scale,
focusing in particular on laboratory experiments using high-power lasers.

Keywords: Magnetic reconnection, Laser, Electron dynamics, Laboratory
astrophysics
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1 Introduction

Magnetic reconnection is fundamental to various phenomena in the universe
such as aurorae, magnetospheric substorms, solar and stellar flares, winds,
and coronal heating. For instance, magnetic reconnection on the solar sur-
face releases the magnetic field energy as a plasma outflow, resulting in a
contribution to the solar wind. The magnetic field of the solar wind and the
Earth’s magnetic field can reconnect on the day side of the magnetosphere,
transferring solar wind energy to the magnetosphere. This in turn enhances
the elongated magnetic field configuration and equivalently the current of the
night-side magnetosphere or magnetotail. The elongated magnetic field forms
an anti-parallel magnetic configuration, a magnetic neutral line, and a thin
current sheet to support the anti-parallel magnetic configuration. When the
current sheet becomes thinner than the typical ion gyroradius, the ions can
no longer carry the current but the electrons can, supporting the elongated
magnetic field. When the current sheet becomes even thinner than the elec-
tron gyroradius, nothing can carry the current and the current circuit in the
magnetosphere is consequently disrupted. This is the onset of magnetic recon-
nection. The elongated magnetic field tries to return to a dipole-like magnetic
field with a plasma flow toward the Earth. The plasma outflow propagates
along the magnetic field and becomes the origin of the aurorae. It is believed
that electron dynamics are essential to the triggering mechanism of magnetic
reconnections (Horiuchi and Sato, 1997; Ishizawa et al., 2004; Zenitani et al.,
2011; Yamada, 2022). However, the electron scale is tiny in space and time, and
it is highly challenging to observe electron-scale phenomena in the universe.

The Magnetospheric Multiscale Mission (MMS) has provided electron-scale
measurements of magnetic reconnection in the Earth’s magnetosphere (Burch
et al., 2016). Magnetic reconnection driven by electron-scale dynamics has been
directly observed by in-situ MMS measurements in the magnetopause for the
first time (Burch et al., 2016a). The electron acceleration produced by a single
Fermi reflection along the magnetic field in magnetic reconnections has also
been observed (Mozer et al., 2016). The MMS has also shown that electron
jets near the electron diffusion region are relevant to magnetic reconnection in
the magnetosheath, where the parallel electric field accelerates and heats the
electrons and the electron pressure sustains the electric field (Wilder et al.,
2017). The MMS has also revealed small-scale, complex dynamic structures
by measuring electron dynamics (Russell et al., 2017). Phan et al. reported
on electron magnetic reconnection without the coupling of ion dynamics in
Earth’s turbulent magnetosheath (Phan et al., 2018). Electron-scale magnetic
reconnection has been observed with MMS not only on the day side but also on
the night side of the magnetosphere, the magnetotail, where electrons flowing
with the electron Alfvénic speed defined by the electron mass and density are
also found (Torbert et al., 2018).

Direct in-situ measurements of electron-scale magnetic reconnection in
space have been successful and have enriched our understanding of the plasma
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nature of the microscopic electron dynamics governing macroscopic phe-
nomena like magnetic reconnection. In-situ observations of solar-terrestrial
plasmas reveal microscopic plasma processes but not the corresponding global
structures. On the contrary, astrophysical observations determine the global
structures of phenomena but not local information. Laboratory experiments
can be a complementary approach for investigating magnetic reconnections
because they allow the global structures of plasmas and the local plasma and
field properties to be obtained simultaneously. Furthermore, the energy dis-
tribution functions of plasmas can also be obtained in laboratory experiments
and the external magnetic field is controllable (Kuramitsu et al., 2012). Such
simultaneous observations of local and global features of plasmas and fields
in a controlled manner are never accessible in space and astrophysical obser-
vations, and thus, laboratory experiments can be a unique and powerful tool
with which to investigate space and astrophysical phenomena such as magnetic
reconnections (Takabe and Kuramitsu, 2021).

There have been excellent reviews on magnetic reconnections more gener-
ally, covering space and laboratory plasmas, including magnetic confinement
plasmas (Yamada et al., 2010) and magnetic reconnections in laser-produced
plasmas using laser-generated magnetic fields (Zhong et al., 2018). In this
review, we focus on our recent efforts concerning magnetic reconnections driven
by electron dynamics using high-power lasers. In Sec. 2, we briefly summarize
the theoretical background of magnetic reconnection, paying special attention
to the multiscale nature of magnetic reconnections. Since there is always a
self-generated magnetic field in such experiments, we briefly review the Bier-
mann magnetic field in Sec. 3. In Sec. 4, we discuss plasma propagation in the
presence of external magnetic fields with magnetic field strength and magnetic
field orientations. We discuss the global observations of magnetic reconnec-
tion driven by electron dynamics in Sec. 5, and the local measurements of
the electron-scale magnetic reconnections are reviewed in Sec. 6. Finally, we
provide a summary and future perspectives in Sec. 7.

2 Background theory

In this section, we briefly introduce the physics framework of magnetic recon-
nection, mainly from the microscopic point of view. Comprehensive reviews
ranging from the theoretical basis to experimental and astrophysical appli-
cations are available in the literature (Biskamp, 2000; Zweibel and Yamada,
2009; Yamada et al., 2010). There are also review papers on magnetic reconnec-
tion in solar flares (Janvier, 2017; Isobe and Shibata, 2009) and macroscopic
descriptions of magnetic reconnection (Pontin and Priest, 2022; Loureiro and
Uzdensky, 2016). Ji et al. (2020) has summarized the major scientific challenges
to magnetic reconnection research.
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Fig. 1 A schematic picture of magnetic reconnection. (a) Approaching anti-parallel field
lines (green and orange), (b) the topology of the magnetic field lines is violated in the contact
region (red), and (c) the relaxation of the magnetic field configuration after the reconnection
of the field lines.

2.1 A basic description of magnetic reconnection

Magnetic reconnection is a relaxation process of magnetized plasmas involving
anti-parallel magnetic field components. Figure 1 shows a typical case with
anti-parallel magnetic field lines. There is a magnetically null region between
the anti-parallel magnetic field lines [Fig. 1 (a)]. This region is called the
neutral sheet. This configuration can be disturbed by external plasma flows or
internal instabilities around the neutral sheet. Once some magnetic diffusion
processes violate the topology of magnetic field lines [Fig. 1 (b)], the field line
structure relaxes to a more stable magnetic field configuration [Fig. 1 (c)]. This
relaxation process is accompanied by an energy conversion from the magnetic
field to the plasma.

The magnetic induction equation describes the global dynamics of magnetic
field lines,

0

7B =Vx(uxB)+ vV’B, (1)
where u, B, and v are the plasma flow velocity, magnetic field, and magnetic
diffusivity, respectively. The convection and diffusion terms are compared by
using the magnetic Reynolds number R,,,

IV x (uxB)| 4ruL
|vV2B| 2n

=R, (2)

where ) = (47/c?)v and L are the resistivity and scale length of the dynamics,
respectively. The induction equation is equivalent to Ohm’s law,

E+uxB=nJ=R, (3)

where E and J are the electric field and current density, respectively. The
right-hand-side term, called the non-ideal term R, comes from the magnetic
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R = Fs(r”,s’,to)
= Fu(r’, t, to)

r' = Fs(r, s', to)

r'= Fu(l’, 1, tO)
r

Fig. 2 The relationship between a magnetic field line, the generating functions Fg, F,, and
the streaming function u. The blue and red lines denote the magnetic field line at times ¢g
and t, respectively. The dashed and solid green lines stand for the streaming functions from
the positions r and v’ = Fp(r,s’,to), respectively. If the topology of the magnetic field line
is conserved, a position R on the magnetic field line at ¢ is correlated with a position r at
to through the two transit positions, ' and r”" = F,(r,t,to).

diffusion term in the induction equation. For a large Reynolds number, the
induction equation and Ohm’s law become

%B:Vx(uxB), E+uxB=0. (4)
These equations describe ideal plasma dynamics without magnetic field
diffusion.

The time evolution of the magnetic field topology is closely related to the
induction equation and Ohm’s law (Hornig and Schindler, 1996). The topology
at time ¢ is defined by a generating function Fg(r, s,t),

0

—Fp =B, 5

Sy 5)
where s indicates the distance along a field line through the position r =
Fp(r,s = 0,t). If there exists an s’ such that Fp(r,s,t) = Fp(r',s,t), r and
r’ are on the same field line. The topology is conserved if a streaming function
of the magnetic field, a(r), is defined with a generating function F,,(r,t, ),

0
7Fu =u,
5 u (6)
where F,(r,t = tg,tp) =r and
Fu(Fp(r,s' tg),t,t0) = Fp(F.(r,t,tg), s, t), (7)

for arbitrary s, ¢, and s’ = s'(s,t), as shown in Fig. 2. This condition can be
represented in a differential form,

asatFu(FB) = atasFB (Fu) (8)
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Since 0;0;F,(Fp) = 9;u(Fp) and 0;0;Fg(F.,) = 0;(B(F,)0ss"), we obtain

8. 90,

which is written in forms relevant to the induction equation and Ohm’s law as

%B—Vx(1‘1><B):(<7—V-1‘1)B7 (10)
E+axB=S§, (11)

where o = 9;0,8" and S is a vector function with V x S = (¢ — V- @)B. The
magnetic topology is conserved if we can find a streaming function u and a
scalar function o to satisfy the above conditions. This is always satisfied under
the ideal condition S = 0 once ¢ = V - u, where u is now equivalent to the
plasma flow velocity u. The ideal condition is sufficient for the conservation
of the magnetic field topology and the non-ideal effects can potentially change
the magnetic field topology.

The magnetic field topology characterizes the collisionless plasma dynam-
ics. Magnetic field lines globally separate plasmas and inhibit plasma mixing
across them. Conversely, plasma can move along magnetic field lines. Magnetic
field diffusion triggers magnetic reconnection and reconstructs the magnetic
field topology. The magnetic field diffusion is evident for a small magnetic
Reynolds number with a small scale length. Consequently, the global plasma
dynamics suddenly transition through a localized process. Magnetic reconnec-
tion can mediate various plasma transport and energy transfer phenomena
with global and impulsive features.

2.2 Reconnection models

We now present the basic models of magnetic reconnection (Sweet, 1958;
Parker, 1957b; Petschek, 1964; Priest and Forbes, 1986). The minimal setup of
the reconnection model includes a diffusion region where magnetic field lines
reconnect, plasma inflow from the boundary, and plasma outflow from the
diffusion region. The ideal plasma condition is satisfied away from the diffu-
sion region so that the plasma inflow and outflow convey magnetic field lines.
Figure 3 shows typical geometries of the reconnection model.

The effectiveness of magnetic reconnection, given by the reconnection rate
Rec, is defined as the magnetic flux flowing into the diffusion region per unit
time,

_ 0 (I)Tec

Rrec - & S

~ uinBina (12)

where @, Uin, Bin, and S are the reconnecting magnetic flux, plasma inflow
velocity, upstream magnetic field, and entrance area of the diffusion region on
the upstream side, respectively. Using Ohm’s law in ideal plasmas, uxB = —E,
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the reconnection rate can be related to the out-of-plane electric field on the
upstream side,

Rrec ~ uanzn - Erec~ (13)

From Faraday’s law, the out-of-plane electric field or reconnection electric field
should be uniform in quasi-steady states. Inside the diffusion region with a
steep magnetic field gradient, the reconnection electric field or the reconnection
rate is related to the effective resistivity in a sheet structure of out-of-plane
current density,

Erec = 77«]1_ = V(V X B)J_ ~ VBin/67 (14)

where § denotes the thickness of the diffusion region in the inflow direction.
The reconnection electric field is also related to the geometry of the diffusion
region. The plasma inflow and outflow fluxes should be in balance with each
other in the steady state,

Uin S ~ Uy, (15)

as shown in Fig. 3. Therefore, we obtain

1)
Erec ~ EuoutBiwu (16)

The reconnection rate is often normalized by the magnetic field and the Alfven
speed v4 at the inflow boundary. Under this normalization, the reconnection
rate is related to the inflow velocity, the aspect ratio of the diffusion region,
and the magnetic field diffusion,

5 = Erec Uin d Uout v
Rrec ~ Erec ~ a

~ ~— 17
UABm vA S vA (51},47 ( )

where R,.. and E,.. denote the normalized reconnection rate and electric field,
respectively.

2.2.1 Sweet—Parker model

The Sweet—Parker model (Sweet, 1958; Parker, 1957b) assumes a weak uni-
form resistivity due to binary collision [Fig. 3 (a)]. The uniform resistivity
triggers magnetic reconnection. The plasma outflow is supported by the mag-
netic tension of reconnected field lines, i.e., uy,+ = va. Theoretical analyses
based on the magnetohydrodynamics (MHD) model show that the diffusion
region in this model tends to elongate along the incoming magnetic field lines.
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(a) (b)
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Fig. 3 Schematic pictures of classical magnetic reconnection models: (a) The Sweet—Parker

model and (b) the Petcheck model. The red rectangles show the d1ffus1on regions. The
thicknesses and widths of the diffusion regions are given by § and S, respectively. The blue
arrows indicate plasma inflow to the diffusion region (vertical direction) and plasma outflow
from the diffusion region (horizontal direction).

As a result, the reconnection rate decreases as the resistivity becomes small,

n g v —-1/2

ETECZEN mNRm/. (18)
This model has been validated by MHD simulations and experiments employ-
ing collisional plasmas (Sato and Hayashi, 1979; Biskamp, 1986; Yamada et al.,
2006). However, the expected reconnection rates are too small to explain the
reconnection events observed in the solar corona, the Earth’s magnetosphere,
and fusion core plasmas. The time scales of magnetic reconnection can be
estimated as

L Lo 1)

~—R
Uin VA

~

trec e (19)
where L is the typical scale of the magnetic field configuration, and is roughly
10® [s] (in the solar corona), 10* [s] (in the magnetosphere), and 1072 [s] (in a
fusion core). These values are much larger than the observed time scales, for
example, 102-103 [s] in coronal mass ejection and an aurora substorm, and 10~4
[s] in a sawtooth crash. The normalized reconnection rate required to explain
these events is commonly F,e. = uip /va ~ 0.1. The magnetic field diffusion
due to binary collision does not explain such fast magnetic reconnection. The
reconnection rate problem is a starting point of magnetic reconnection research
and summarized in the review paper Cassak et al. (2017).

2.2.2 Petcheck model

The Petcheck model (Petschek, 1964) is one of the alternative models used to
realize larger reconnection rates [Fig. 3 (b)]. This model employs a localized
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diffusion region with a small entrance area on the upstream side. The widely-
opened downstream region is supported by slow mode shocks that connect to
the upstream region through discontinuities. The resulting reconnection rate,

Epop ~ %m*l(Rm), (20)

barely depends on the Reynolds number. Therefore, this model can explain the
fast magnetic reconnection in space and fusion plasmas with large Reynolds
numbers. However, this model is realized in MHD simulations only when
artificial resistivity models, such as

n=mn0(J — Jo)% (21)

are employed instead of uniform resistivity due to binary collision, where « is
a constant number.

2.3 Multi-scale physics in magnetic reconnection

Magnetic reconnection connects two different regimes in the physics hierarchy.
The first is internal and local physics inside the diffusion region. As indicated
in the reconnection models, fast magnetic reconnection may require micro-
scopic mechanisms beyond binary collisions. The second is the external and
global physics around the reconnection region, such as magnetospheric con-
vection (Lui, 2000; Mozer et al., 2003), flux rope formation in the solar corona
(Chen, 2011; Cheng et al., 2003), internal kink mode activities in torus plas-
mas (Chapman et al., 2010), and reformation of the magnetic configuration
during spheromak merging (Ono et al., 1997). The reconnection rate in Eq. 17
is given by external physics (u;y), internal physics (1), and their connection
(6/S). This implies that these regimes of physics are closely related and all
potentially contribute to the reconnection process.

Magnetic reconnection is a multi-scale process, which makes a complete
understanding of magnetic reconnection challenging. Global MHD simulations
can be used to demonstrate macroscopic plasma phenomena with an empiri-
cal resistivity model (Nishizuka et al., 2008). First-principles models, such as
fully kinetic particle-in-cell (PIC) simulations (Birdsall and Langdon, 1991),
can address non-ideal effects but only in a limited region near the reconnec-
tion region because of computational limitations. Mesoscopic models, such as
hybrid PIC (Karimabadi, 2004), gyrokinetic (Munoz et al., 2015), and implicit
kinetic (Ricci et al., 2002) models, and the multi-hierarchy model (Usami et al.,
2013) may be helpful in providing a more complete picture of magnetic recon-
nection under dynamical interactions between macro- and microscopic plasma
dynamics.

Similarly, solar observation satellites provide global images of macroscopic
plasma dynamics (Tsuneta et al., 2009), while in-situ satellite observations
in the Earth’s magnetosphere can measure detailed plasma environments in
the vicinity of the reconnection region (Sergeev et al., 1995; Burch et al.,
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2016; Borg et al., 2005; Contel et al., 2006; Runov et al., 2006). Experimental
studies are a powerful approach to this issue because various imaging and local
measurement techniques can be employed simultaneously for carefully resized
magnetic reconnection phenomena.

2.4 A microscopic description of magnetic reconnection

Using the two-fluid description, we now discuss the relationship between mag-
netic reconnection and microscopic plasma dynamics. The two-fluid equations
are

o -
nsms(gus +us-Vus)+V-P, = gns(E+uy, xB)+F,+ F,, (22)
where ns, ms, gs, us, and P are the number density, mass, charge, flow veloc-
ity, and pressure tensor, respectively. F; and F; are friction forces due to
collision and micro-turbulences, respectively. The subscript s denotes the par-
ticle species, where s = ¢ for ions and s = e for electrons. The ideal condition
is

E+u,x B=R, =0, (23)

where R, represents the non-ideal terms,

mg 0 1 Fs + Fs
R, = 2 (Zu, +u,-Vu, V.pP, - 27 24
*T g (s o V) qsms T gans (24)
The two-fluid equations are related to Ohm’s law:
E+uxB=R (25)
me , O 1 1 - 1
= —(=j+V-(uj+ju) - —V-P.— —(F.+F,)— —jxB,
qn(aﬁ‘% (uj +ju)) - qn( +F.) e

where u = (meu. + m;u;)/(me + m;) and j = ng(u; — u.). Here we assume
m; >> me and ¢ = ¢; = —¢q.. The first three terms on the left-hand side
originate from electron dynamics.

We consider the effects of the j x B and V - P, terms on the magnetic field
topology. Ohm’s law with the j x B term, called the Hall term, is

1
E+uxB=-—jxB—>E+u.xB=0. (26)
qn

Thus the condition for conservation of the magnetic field topology in Eq. 11
is satisfied for @ = u, = u — j/gn and o = V - a. This means the Hall term
alone cannot disturb the topology because the electron flow convects magnetic
field lines. The diagonal components of the pressure tensor Py, satisfying
V x(V-Pgiq) = 0 also do not disturb the topology. This is because the diagonal
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Fig. 4 Microscopic structures in the reconnection region. (a) Two-scale structures of the
magnetic diffusion region. The red and purple rectangles represent the electron and the ion
diffusion regions, respectively. The red and purple arrows indicate the typical electron and ion
flow lines, respectively. (b) The quadrupole magnetic field (green and purple shadows) and
in-plane current loops, or Hall current (blue arrow) structures resulting from the decoupling
of the electron and ion flows.

component in S does not affect the required condition given by V x S in Eq.
11. On the other hand, the off-diagonal components, m# = P — Pg;,, of the
electron pressure tensor can trigger magnetic reconnection.

The Hall term comes from the decoupling of the electron and ion flows and
is evident on spatial scales smaller that the ion inertia length d; = c¢/wy; or
the ion gyroradius. The other terms relevant to electron non-ideal effects have
characteristic scales comparable to the electron inertia length d. = ¢/wpe. The
pressure tensor has only diagonal components for gyrotropic particle motion.
Therefore, the non-diagonal component becomes evident on a spatial scale
smaller than the electron gyroradius. This consideration produces the two-
scale structures of the magnetic reconnection region (Hesse et al., 1999; Shay
et al., 2007; Mozer, 2005) shown in Fig. 4 (a). The magnetic field lines are
reconnected inside the electron diffusion region with a thickness comparable
to the electron inertia length or gyroradius. The ion diffusion region, with a
thickness comparable to the ion inertia length or gyroradius, surrounds the
electron diffusion region.

2.5 Hall magnetic reconnection

The two-scale structure of the reconnection region has inspired a new recon-
nection model describing the plasma dynamics around the electron diffusion
region (Drake et al., 2008; Huba and Rudakov, 2004; Rogers et al., 2001; Shay
et al., 2001; Cassak et al., 2006; Biskamp et al., 1997; Yoon and Bellan, 2017).
The electron diffusion region replaces the diffusion region in the Sweet—Parker
model. The Hall MHD model with non-ideal ion effects governs the plasma
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dynamics,
1, .
E—i—uxB:—q—anB—&—neff_], (27)

where effective resistivity 7.y represents the non-ideal electron effects domi-
nating inside the electron diffusion region.

As explained below, this model realizes fast magnetic reconnection with a
large reconnection rate. The plasma wave characterizing the plasma outflow
is a whistler wave instead of an Alfven wave. The dispersion relation derived
from the collisionless Hall MHD model is

V(kd;)? +4 £ kd;
= (ki) 2+ kva. (28)

W+

For a large spatial scale, kd; << 1, the dispersion relation w = kv, is equiv-
alent to that of an Alfven wave. If the spatial scale is smaller than the ion
inertia length, kd; >> 1, the dispersion relation is wy ~ k?d;v4. In this case,
the outflow flux rather than the outflow velocity is constant because

Uoytd ~ (wi /k)k™ = djva, (29)

where ¢ is the thickness of the electron diffusion region. The flow velocity
increases as it approaches the electron diffusion region, indicating a widely-
opened downstream region. The maximum outflow velocity is

d;
d—eva = V4., (30)

Uout ™~

for § ~ d., where v, is the electron Alfven speed. As a result, the plasma
and magnetic field lines effectively flow out to realize fast magnetic reconnec-
tion. The outflow structure determines the reconnection rate independently
of the trigger mechanism or the effective resistivity. Therefore, this model is
applicable to active reconnection events in collisionless space plasmas.

The outflow structure is characterized by a quadrupole magnetic field and
in-plane current loops, as shown in Fig. 4 (b). These originate from the decou-
pling of electron and ion flows. In-situ satellite observations have confirmed
quadrupole structures near the reconnection region with anti-parallel mag-
netic fields (Mozer et al., 2002; Nagai et al., 2001; Vaivads et al., 2004). The
Magnetic Reconnection eXperiment (MRX) has demonstrated fast magnetic
reconnection accompanied by a quadrupole magnetic field in the collisionless
regime (Yamada et al., 2006, 2018), as shown in Fig. 5 (a).

The roles of the Hall effect on fast magnetic reconnection have been exam-
ined in a comparative simulation study, the Geospace Environmental Modeling
(GEM) challenge (Birn et al., 2001; Hesse et al., 2001; Ma and Bhattachar-
jee, 2001; Otto, 2001; Pritchett, 2001). MHD, Hall MHD, hybrid PIC, and
fully kinetic PIC models were employed to simulate magnetic reconnection in
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(a) (b)
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Fig. 5 (a) The magnetic field measured in the near-collision-free regime in MRX (Yamada
et al., 2006). The magnetic field vectors, flux contours, and out-of-plane magnetic fields
are depicted by black arrows, red lines, and colored contours, respectively. (b) The time
evolution of the reconnected magnetic flux obtained from various simulation models: fully
kinetic PIC, hybrid PIC, Hall MHD, and MHD (Birn et al., 2001).

a fixed magnetic field configuration. As shown in Fig. 5 (b), the reconnection
rates obtained from the Hall MHD, hybrid PIC, and fully kinetic PIC mod-
els were comparable to each other and much larger than that obtained from
the MHD model. This result indicates the Hall effect is needed to realize fast
magnetic reconnection.

2.6 Non-ideal electron effects in the reconnection region

The non-ideal electron effects in Eq. 26 are candidate trigger mechanisms
of magnetic reconnection. Among these, the anisotropic electron pressure
with off-diagonal components often dominates in fully kinetic PIC simula-
tions (Hesse et al., 2001; Ishizawa et al., 2004; Drake et al., 2009; Le et al.,
2019). Long-term simulations using open boundary conditions suggest that
electron dynamics inside the electron diffusion region affect plasma outflows
and the reconnection rate through mesoscale structure formation (Daughton
et al., 2006). The competition between the Hall effect and electron dynamics
is still a subject of debate (Shay et al., 2007; Ishizawa and Horiuchi, 2005).
Electron-scale dynamics are more essential in fast magnetic reconnection in
electron-positron pair plasmas where the Hall effect is not effective (Ng et al.,
2011; Yin et al., 2008).

Driven (or forced) magnetic reconnection models focus on the external
condition as a crucial factor (Sato and Hayashi, 1979; Horiuchi and Sato,
1997; Birn, 2005; Vekstein, 2017; Pucci et al., 2018). The reconnection process
reaches a quasi-steady state under the upstream boundary condition with a
given out-of-plane electric field to drive the plasma inflow. Fully kinetic sim-
ulations of driven magnetic reconnection can be used to calculate the force
balance in the reconnection region [Figure 6 (a)],

E7'ec ~ Te T Y Ty (31)

V e, Erec~
GeTle q;n;




Springer Nature 2021 ETEX template

14 Electron scale magnetic reconnections in laser produced plasmas

0.12

0.1
0.08
0.06
0.04
0.02

-0.02

Y/Ad0

Fig. 6 (a) Spatial profiles of each term in the electron two-fluid equation resulting from
a two-dimensional PIC simulation of driven magnetic reconnection (Ishizawa et al., 2004).
The horizontal axis, y, denotes the direction of the magnetic field gradient, where y = 0
corresponds to the neutral sheet. The reconnection electric field (red) is generated by the
pressure tensor term (blue). (b) The distribution functions of the electrons (top) and ions
(bottom) in phase space (y,vy) (Horiuchi and Ohtani, 2008).

to realize a steady state with a uniform reconnection electric field (Ishizawa
et al., 2004; Ishizawa and Horiuchi, 2005), where 7, and 7; are the off-diagonal
components of the electron and ion pressure tensors, respectively. These terms
originate from the non-gyrotropic meandering particle motion near the neu-
tral sheet (Parker, 1957a; Horiuchi and Sato, 1990). The typical scales of the
ion and electron meandering motions determine the two-layered current sheet
formed in the reconnection region.

Signatures of the off-diagonal components may be found in anisotropic
distribution functions in velocity space. Anisotropic ion or electron distribu-
tion functions with (partially) ring-like and D-shaped components have been
observed near the reconnection region in the Earth’s magnetosphere (Burch
et al., 2016a; Smith and Rodgers, 1991; Onsager et al., 1990; Phan et al., 2016).
Theoretical and simulation studies have reproduced these distribution func-
tions associated with effective ion heating and particle accelerations as well as
the magnetic field diffusion (Shuster et al., 2014; Hesse et al., 2001; Horiuchi
and Ohtani, 2008; Egedal et al., 2013; Drake et al., 2009; Usami and Horiuchi,
2022). Figure 6 (b) shows the complicated distribution functions around the
reconnection region observed in a fully kinetic PIC simulation (Horiuchi and
Ohtani, 2008).

2.7 Magnetic reconnection due to plasma
micro-turbulence

Plasma micro-turbulence can also trigger magnetic reconnection through wave-
particle resonance and anomalous magnetic field diffusion (Drake, 1981; Gary,
1980; Huba et al., 1977; Davidson and Gladd, 1975). In linear analyses, the
magnetic field configuration near the reconnection region is often approximated
by Harris equilibrium with an anti-parallel magnetic field and a current sheet
(Harris, 1962). Possible unstable modes in this equilibrium are summarized in
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Fig. 7 (a) The configuration of an anti-parallel magnetic field and current sheet structure
(top panel) and possible unstable modes (bottom four panels) (Yoon et al., 2002). (b) The
spatial profiles of normalized electron force terms in the two-fluid equation (Egs. 26 and 34)
with average and fluctuation components along the current sheet. The nonlinear coupling
term (r7v X B) (green line in the bottom panel) is balanced with the average electric field (nE)

term (red lines) at the neutral sheet (NS), indicating anomalous diffusion due to magnetic
field fluctuations (Moritaka et al., 2007).

Fig. 7 (a)(Yoon et al., 2002). The tearing mode is a typical example of an unsta-
ble mode propagating along the magnetic field (Daughton and Karimabadi,
2005). The nonlinear evolution of the tearing mode dramatically modifies the
diffusion region through plasmoid formation and plays a role in magnetic recon-
nection (Daughton et al., 2006; Pei et al., 2001; Daughton et al., 2011). On
the other hand, current-driven modes propagating along the current sheet can
dissipate the current density (Winske, 1981; Malkov and Sotnikov, 1981). This
implies an effective resistivity 7.ss related to the reconnection electric field,

Erec = EL ~ neffJL~ (32)

The lower hybrid drift instability (LHDI), which occurs across a wide range
of plasma conditions with steep pressure gradients, is a typical example of a
current-driven mode around the reconnection region (Davidson et al., 1977;
Hsia et al., 1979; Huba et al., 1980). Evidence of this instability has been iden-
tified in the Earth’s magnetosphere (Huba et al., 1978; Gurnett et al., 1976).
However, the LHDI is observed only in the low-plasma-beta region away from
the neutral sheet in fully kinetic simulations (Silin and Biichner, 2003; Winske,
1981) and the Earth’s magnetosphere (Bale et al., 2002; Shinohara et al., 1998),
as indicated by nonlocal analyses (Davidson et al., 1977; Malkov and Sotnikov,
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1981). MRX has also identified electrostatic fluctuations relevant to LHDI, but
these are not correlated with the onset of magnetic reconnection (Carter et al.,
2001). Nonlocal analyses including meandering motion (Daughton, 1999, 2002;
Lapenta and Brackbill, 1997) and fully kinetic PIC simulations (Ozaki et al.,
1996; Silin et al., 2005; Winske, 1981) have shown that asymmetric electromag-
netic modes are unstable in the vicinity of the neutral sheet. Electromagnetic
fluctuations and kinked structures in the current sheet are observed around the
reconnection region in the Earth’s magnetosphere (Contel et al., 2006; Runov
et al., 2006; Sergeev et al., 2004). Low-frequency electromagnetic fluctuations
are positively correlated with the reconnection electric field in the MRX (Ji
et al., 2004; Kulsrud et al., 2005).

The effects of electrostatic and electromagnetic fluctuations due to unstable
modes are incorporated into the two-fluid equations through the nonlinear
coupling terms,

%(/(E—i—vxf’:)%éfdv)N%(ﬁﬁ)—&-rfux]g), (33)

where the subscript = and §f stand for the fluctuation component and per-
turbed distribution function, respectively. () is the phase-average operator.
This term may relate to the reconnection electric field,

q ~

Eree = (EL) = fnTm(mm + (mu x B) 4 (nu) x (B)) + R, (34)

where R represents the other non-ideal terms and (nu) x (B) = 0 at the neu-
tral sheet. Two-dimensional fully kinetic simulations along the current sheet
show that the longer wavelength kink mode mainly generates a perpendicular
electric field (Moritaka et al., 2007), such that

(EL) = neps (3 ~ =2 (i x B) (35)

as shown in Fig. 7 (b). This result indicates that the kink mode can trig-
ger magnetic reconnection through anomalous diffusion. The LHDI leads to a
<ﬁE> term in the periphery of current sheet, which corresponds to the local-
ized diffusion of the current sheet and modifies the current sheet structure
(Lapenta and Brackbill, 2002; Lapenta et al., 2003). This effect does not con-
tribute to the reconnection electric field directly but destabilizes the kink mode
through modifications of the ion distribution function inside the current sheet
(Moritaka and Horiuchi, 2008).

Three-dimensional considerations, including the reconnection plane, are
essential to determining the roles of current-driven instabilities (Dahlburg
et al., 1992; Horiuchi and Sato, 1999; Zhu and Winglee, 1996). In the case
of spontaneous magnetic reconnection with open boundary conditions, the
tearing instability generates flux-rope structures extending in the current
sheet direction. As shown in Fig. 8 (a) and (b), the nonlinear evolution
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Secondary
flux ropes

Fig. 8 Turbulent magnetic reconnection resulting from three-dimensional fully kinetic PIC
simulations (Daughton et al., 2011). The three-dimensional structures are shown by density
isosurfaces colored by the current density. The yellow lines indicate selected magnetic field
lines. (a) The formation of primary flux ropes due to a tearing instability in the early phase.
(b) The development of turbulent reconnection with secondary flux ropes in the later phase.

of the flux ropes results in a turbulent layer surrounding the reconnection
region (Daughton et al., 2011; Ng et al., 2011; Chaston et al., 2009; Zhang
et al., 2021), which is significantly different from the stable and isolated dif-
fusion regions seen in conventional reconnection models. The magnetic field
and current sheet profiles depart from Harris equilibrium under the plasma
dynamics on the reconnection plane (Fujimoto and Sydora, 2017; Muioz and
Biichner, 2018). Linear theory and three-dimensional simulations indicate that
electron shear-driven or anisotropic pressure-driven instabilities can trigger
magnetic reconnection through anomalous magnetic field diffusion in such
cases (Fujimoto and Sydora, 2021; Le et al., 2019; Munoz and Biichner, 2018).

2.8 Electron diffusion region and electron-only
reconnection

The electron and ion diffusion regions are also related to the energy conversion
from the magnetic field, which is given by the E - J term in the energy bal-
ance equation. The energy partition is determined by the competition between
electron energization near the electron diffusion region (Drake et al., 2005; Fu
et al., 2006) and ion energization due to larger-scale dynamics, such as ion
meandering motion and pickup process (Pei et al., 2001; Drake et al., 2009)
under the Hall electromagnetic fields (Yamada et al., 2018).

High-resolution measurements are needed to explore the electron diffusion
region with small spatial scales on the order of the electron inertia length, for
example, 5 mm in MRX and 5-10 km in the Earth’s magnetosphere (Burch
et al., 2016b; Yamada et al., 2018). MRX experiments with fine structure
probes and the MMS mission with cluster satellites have identified selective
energy conversion for electrons in the electron diffusion region along with local-
ized electric fields, electron exhaust jets and the crescent-shaped distribution
functions (Voros et al., 2017; Yordanova et al., 2016; Wang et al., 2017; Tor-
bert et al., 2018; Yamada et al., 2014; Li et al., 2019). The perpendicular
component, E, J.,, dominates in the energy conversion term in symmetric
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reconnection without a guide magnetic field in MRX(Yamada et al., 2014). On
the other hand, satellite observations show that large parallel electric fields in
the electron diffusion region generate high-speed electron jets and E)J, also
plays a role in the energy conversion in magnetosheath reconnection with a
large guide magnetic field (Wilder et al., 2018; Wang et al., 2021).

One important result from the MMS mission is the observation of electron-
only reconnection (Phan et al., 2018; Wang et al., 2021, 2018; Lu et al., 2020).
In such events, only signatures of electron dynamics, such as electron heating,
electron outflow, and electron-scale parallel electric field, are observed without
any ion response, such as ion outflow and ion heating (Pyakurel et al., 2021).
This is quite different from the standard picture of magnetic reconnection
with the two-scale structure and the previous observations where ion-scale
structures are primarily detected (Vords et al., 2017; Yordanova et al., 2016;
Nagai et al., 2001; Mozer et al., 2002; Phan et al., 2007). The electron-only
reconnection has been observed both in the magnetosheath (Phan et al., 2018;
Wang et al., 2021) and the magnetotail (Wang et al., 2018; Lu et al., 2020).
The physical explanations have been presented separately for these regions.

In the magnetosheath, magnetized plasma consists of multi-scale plasma
bubbles under strong turbulence. The electron-only reconnection is realized
in discretized current sheets where ion response is insufficient in these small
structures (Pyakurel et al., 2021; Stawarz et al., 2019; Sharma Pyakurel et al.,
2019). This process could cause enhanced energy dissipation in plasma tur-
bulence (Matthaeus and Lamkin, 1986; Sundkvist et al., 2007; Phan et al.,
2018). The current sheets are also fragmented in the shock transition region.
As a result, the electron-only reconnection can occur in the magnetosheath
downstream of a quasi-perpendicular shock (Lu et al., 2021).

In the magnetotail without sufficient turbulence, the electron-only recon-
nection is considered to mediate the standard magnetic reconnection coupled
with ion dynamics (Wang et al., 2020; Liu et al., 2021; Lu et al., 2022).
The electron-scale thin current sheet is formed through the flux pileup in the
upstream region due to external plasma flow (Lu et al., 2020) or internal insta-
bilities (Liu et al., 2020). This process triggers the fast magnetic reconnection
from a quiescent state. The resulting electron-only reconnection eventually
leads to the standard reconnection. This transition originates from the flux
pileup in the outflow region to regulate ion outflows (Liu et al., 2021). The Hall
electric field is a main factor controlling this transition (Wang et al., 2020). The
electron-only reconnection can persist sufficiently long as quasi-steady states
and be detected by MMS (Wang et al., 2020).
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3 Magnetic reconnection experiments with the
Biermann magnetic fields generated by lasers

3.1 Laboratory astrophysics

As mentioned in Sec. 1, one of the unique features of experimental inves-
tigations of space and astrophysical phenomena is that one can control the
plasma and field parameters. We are interested in applying an external mag-
netic field to laser-produced plasmas. Although there is always the Biermann
magnetic field discussed below, we want to control the magnetic field strength
and orientation using external resources. When our projects relevant to exter-
nal magnetic fields were initiated in 2010, on topics such as jet propagation in
an ambient magnetic field (Nishio, K. et al., 2013), magnetic field amplification
via the Richtmyer-Meshkov instability (Kuramitsu et al., 2011; Kuramitsu
et al., 2016), and spherical magnetized collisionless shocks (Kuramitsu et al.,
2016), there were few options for producing external magnetic fields. In the
early days of laboratory astrophysics, there were coil targets and pulse-power
systems (Woolsey et al., 2001; Courtois et al., 2004). However, when apply-
ing a strong enough magnetic field to magnetize both ions and electrons, the
space where the magnetic field was applied was too small or the capacitor bank
was too large to ship abroad. Very recently, we have realized unique features
of magnetized collisionless shocks in well-characterized upstream magnetized
plasmas with the Gekko XII laser facility (Yamazaki et al., 2022; Matsukiyo
et al., 2022). In the past, while conducting experiments with the Vulcan and
LULI laser facilities, which are equipped with pulse-power systems, we carried
out experiments with permanent magnets acting as external magnetic fields.
Although such a magnetic field is strong enough to magnetize electrons but
too weak to magnetize ions, the electrons and ions are connected by the elec-
tric and magnetic fields that they generate themselves. We expected to be
able to explore something new in laboratories by controlling the external mag-
netic field, such as magnetic reconnection on the electron scale as discussed
in Sec. 2. Before getting into our electron scale magnetic reconnection exper-
iment, we briefly review the spontaneous magnetic field due to the Biermann
battery effect below, and plasma propagation experiments in the presence of
external magnetic fields in the following sections.

3.2 Biermann magnetic fields in laser-produced plasmas

It has been known since the 1970s that a spontaneous kilogauss magnetic field
is generated when a solid target is irradiated with a laser (Stamper et al.,
1971). Using Faraday rotation measurements, a megagauss or 100-T magnetic
field was reported in a laser-produced plasma near the focal spot of a high-
power laser due to the thermal baroclinic effect or the Biermann battery effect
(Stamper and Ripin, 1975). More details can be found in a review on sponta-
neous magnetic fields in laser-produced plasmas (Stamper, 1991). Figure 9 (a)
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Fig. 9 (a) A schematic diagram of magnetic field generation via the Biermann battery
effect. (b) The front view of the Biermann magnetic field. (c) When there are two laser beams
with focal spot displacement, two magnetic bubbles are produced and magnetic reconnection
can take place (Kuramitsu et al., 2015).

shows a schematic diagram of the Biermann battery effect. When a solid tar-
get is irradiated by a laser in a vacuum, an ablation plasma expands mainly
in the direction normal to the target surface. The electron density gradient
(Vn,) is also in this direction, while the temperature gradient (VT,) is mainly
along the target surface because the plasma expands in the vacuum. The Bier-
mann battery effect arises from the null magnetic field when there is a finite
angle between Vn, and VT,. The Biermann magnetic field is proportional
to Vne x VT, resulting in the formation of a magnetic bubble as shown
in Fig. 9 (b). When there are two or more laser pulses focused on different
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Fig. 10 Proton deflectometry showing two magnetic bubbles and a magnetic null line
(Nilson et al., 2006). The main laser beams have a 1 ns pulse duration and 200 J of energy
for each beam.

spots, as shown in Fig. 9 (¢), magnetic reconnection takes place where the two
magnetic bubbles collide.

A Biermann magnetic field is almost always generated in a laser-produced
plasma, especially when a slab target is irradiated by a tight-focus laser. A
massive solid target slab can maintain the bulk target material after the laser
shot, and thus, the temperature gradient along the target surface. A tight-
focus laser can enhance the spatial inhomogeneity ~ V. As also discussed in
the next section, one can suppress the Biermann magnetic field by irradiating
a thinner target with a loose-focus laser. Even so, there must be a relatively
strong Biermann magnetic field around the laser spot and laser timing. When
an external field is applied, attention must be paid to the competition between
the external and Biermann magnetic fields.

3.3 Magnetic reconnection with Biermann magnetic fields

We now briefly review magnetic reconnection experiments using Biermann
magnetic fields. As mentioned above, most laser experiments on magnetic
reconnections apply this method, which is shown schematically in Fig. 9 (c).
There is an excellent review focusing on this method (Zhong et al., 2018).
The experimental geometries by irradiating a slab target with two or more
laser beams forming two or more magnetic bubbles have appeared in (Yates
et al., 1982), where they focused on the energy deposition relevant to magnetic
null points. This is now understood as the energy conversion due to magnetic
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reconnections. Nilson et al. (2006) revisited the experimental geometry pay-
ing special attention to magnetic reconnection using the Biermann magnetic
field. This opened up a recent trend of experimental investigations on mag-
netic reconnections together with the rise of laboratory astrophysics (Takabe
and Kuramitsu, 2021), such as model experiments of loof-top X-ray relevant to
solar flares (Zhong et al., 2010), magnetotail reconnections (Dong et al., 2012),
and turbulent reconnections (Ping et al., 2023). Another important trend is
magnetic reconnection experiments with capacitor coil targets, which can pro-
duce strong magnetic fields decoupled from laser plasmas (Chien et al., 2023).
Here we present a typical Biermann magnetic field reconnection experiment in
a laser-produced plasma.

Figure 10 shows the experimental demonstration of a laser-driven magnetic
reconnection with the Biermann magnetic field (Nilson et al., 2006). The right
panel shows the setup of the experiment, including proton radiography, where
the two main laser beams are focused on the main planar target with focal spot
displacement, and a proton source target is irradiated by an intense laser for
proton radiography. Proton radiography or deflectometry is a standard method
used to measure electric and/or magnetic fields by the resulting deflection of
protons in laser-produced plasmas. There is a comprehensive review that pro-
vides more information (Schaeffer et al., 2022). A grid mesh is placed between
the main and proton targets so that the deflections in each grid cell can be
measured to reconstruct the magnetic field strength. As discussed later, even
in the absence of an external magnetic field, a laser-produced plasma co-exists
with an electric field and a magnetic field since the electron thermal spread is
much faster than that of ions. In such a simple configuration, proton deflec-
tions on the front view, such as in the left panel in Fig. 10, are considered to be
magnetic field dominated (Nilson et al., 2006). The proton image on the left
in Fig. 10 shows two magnetic bubbles and a null magnetic line between them.

Note that most experiments using the Biermann magnetic field focus on
a relatively short time duration and small spatial domain, comparable to the
laser pulse duration and focal spot size, respectively. For instance, the left panel
in Fig. 10 was taken over 1 ns and the spatial scale was several hundreds of pm
larger than the focal spot of 30-50 pm but comparable to the spot separation
of 400 pm. The laser-generated strong (~ 100 T) Biermann magnetic field
tends to weaken as the plasma expands over time. Assuming the plasma size
in Nilson et al. (2006) to be 500 pm, and if it isotropically expands in 3D up
to 5 mm, then the plasma volume is 103 times larger. If the plasma is frozen in
the magnetic field, plasma density and magnetic field strength can be decrease
by 1073 times. By this rough estimation, the 100 T Biermann magnetic field
can decrease to ~ 0.1 T after plasma expansion.

3.4 Large-scale Biermann magnetic field

As discussed above, the self-generated Biermann magnetic field is intense at
the time of laser irradiation and can become weaker as the plasma expands
over time. As discussed later, when a thin target burned through by a laser
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Fig. 11 Schematic laser configurations (a) with a single laser beam and (b) with two laser
beams. (c¢) and (d) show the series of self-emission images taken by a gated 12-frame camera
for (a) and (b), respectively (Khasanah et al., 2017). The main laser beams have a 0.5 ns
pulse duration and an energy of 100 J per beam.

is irradiated, one can reduce the Biermann magnetic field since the target is
ionized and not left behind. When we apply an external magnetic field using
permanent magnets (~ 1 T on the surface at most), we do not want to have a
Biermann magnetic field, and thus, we use a thin target that becomes under-
dense around the laser peak so that a fast rear-side plasma can be produced.
Nevertheless, as shown below, the Biermann magnetic field can be essential on
large spatial and temporal scales in laser-produced plasmas. Figure 11 (a) and
(b) show the schematic experimental setup with a single and two laser beams,
respectively (Khasanah et al., 2017). It is only when the target is irradiated
by two beams with spot displacement that magnetic reconnection of the Bier-
mann magnetic field is possible, although in this experiment, as we focus on
the rear-side plasma, we expect that the thin target suppresses the Biermann
magnetic field.

Figure 11 (¢) and (d) show a time series of plasma propagations in an
ambient plasma with single- and two-laser configurations, respectively, on large
spatial and temporal scales. In the single-beam case in Fig. 11 (c), the target
plasma expands and a shock is formed from ~ 20 ns. The plasma and shock
then propagate in time. In Fig. 11 (d), in the early time up to ~ 20 ns, there is
no significant difference from the single-beam shot. However, at the later time
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of ~ 25 ns, there are transverse inner structures behind the shock, as confirmed
with interferometry (not shown here) in Khasanah et al. (2017). Note that the
frame at ¢ = 5 ns was not operative for this shot because of a technical problem.
We expect that the transverse structure observed is reconnection outflow since
it is not observed in the single-shot images. Assuming the transverse expansion
velocity is the outflow velocity, i.e, the Alfvén velocity, one can estimate the
magnetic field strength as 0.02-0.03 T and 2-3 T for the electron and ion
Alfvén velocities, respectively. As discussed above, the Biermann magnetic
field can be orders of magnitude weaker than, for instance, in Fig. 10, but
even a weak field can still affect the plasma evolution, as seen in Fig. 11.
The competition between the Biermann and external magnetic fields on large
spatial and temporal scales is still an open question.

4 Laser produced plasma in the presence of an
external magnetic field

4.1 Plasma expansions in the presence of an external
magnetic field

Plasma expansion in the presence of an external magnetic field has been widely
investigated for laser-produced plasmas. Plasma behaviors are subject to the
plasma beta (f), which is the ratio between the plasma pressure and the
magnetic pressure. In low-3 plasmas, where the magnetic field is dominant,
the plasma expansions are affected by the magnetic field (Ripin et al., 1987;
Mostovych et al., 1989; Pisarczyk et al., 1994; Faenov et al., 1996; Plechaty
et al., 2013). In contrast, high-£ plasmas can expel the perpendicular magnetic
field, resulting in the formation of magnetic cavities (Dimonte and Wiley, 1991;
Vanzeeland and Gekelman, 2004). Plasmas can freely expand along the mag-
netic field regardless of 5 (Pisarczyk et al., 1994; Faenov et al., 1996; Harilal
et al., 2004).

Other important conditions are the angle between the axis of plasma prop-
agation and the magnetic field, 6, and whether the plasma investigated is
created on the side of the laser irradiation or the rear side of the target. In
the former case, the solid target can be a slab or a thick plane, and in the lat-
ter case, the target should be thin enough that the laser can penetrate (burn)
through it to create fast plasmas behind the target. As discussed above, when
a thick target is irradiated, the bulk of the target remains after the laser irradi-
ation and the temperature gradient along the target surface tends to create a
Biermann magnetic field. On the other hand, when a thin target is irradiated,
the target on the laser focal spot has to be underdense so that the laser burns
through the target to create the rear-side plasma. This can suppress the Bier-
mann magnetic field since there is no bulk plasma left. The Bierman magnetic
field tends to be stronger when the target is thick, the laser is tight-focus, and
the laser intensity is high, and vice versa.
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Fig. 12 Integrated soft x-ray images of plasmas (a) without (B = 0) and (b) with an
external, parallel magnetic field (B = 15 — 20 T)(Pisarczyk et al., 1994). The main laser
conditions are an energy of 15 J and a pulse duration of ~ 1 ns, the target is a planar target,
and the field of interest is the rear side of the target.

4.2 Parallel propagation of a low-3 plasma

When a plasma propagates along an external magnetic field that is strong
enough to affect the plasma dynamics, i.e., when 6, = 0° and $ is low, the
plasma propagates freely along the field without expanding in the transverse
direction (Pisarczyk et al., 1994; Faenov et al., 1996). Figure 12 shows inte-
grated images of soft x-ray emissions from plasmas (a) in the absence and (b)
in the presence of an external magnetic field parallel to the plasma flow. In
Fig. 12 (a), the plasma expands both in the horizontal and vertical directions,
and in Fig. 12 (b), the transverse plasma expansion is well suppressed by the
parallel magnetic field. The kinetic pressure of the plasma is balanced with the
magnetic pressure at ~ 1 mm, i.e., 8 ~ 1 (Pisarczyk et al., 1994).

4.3 Perpendicular propagation of a high-3 plasma

High-$ plasmas can expel the magnetic field (Ripin et al., 1987; Dimonte and
Wiley, 1991; Vanzeeland and Gekelman, 2004), resulting in the formation of
magnetic cavities. Figure 13 shows the streaked image of a magnetic field
measurement by Faraday rotation (Dimonte and Wiley, 1991). The magnetic
cavitation caused by plasma pressure is evident at earlier times in Fig. 13 (b)
and (c). The cavitation lasts until the plasma kinetic pressure and magnetic
pressure are balanced, following complicated plasma structures due to insta-
bility, as shown in Fig. 14. Figure 14 shows the time evolution of plasmas
observed with a gated optical imager of plasma emission with different mag-
netic field strengths. When B = 0, the plasma expands rather isotropically as
in Fig. 14 (a). When B # 0, the plasma expands, evacuating the magnetic field
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Fig. 13 (a) A streaked image of the Faraday rotation of an external probe laser in a
magnetized plasma. (b)—(d) Line profiles at different times after the main laser irradiation
(Dimonte and Wiley, 1991). The main laser conditions are an energy of 200 J and a pulse
duration of 25 ns, with counterstreaming irradiation of a spherical target.

a) B=0.0 kG
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Fig. 14 Gated optical images of plasma emissions with different magnetic field strengths,
(a) B=0T,(b) B=0.1T,andc) B=0.35T, pointing toward the image at different times
after the main laser irradiation (Dimonte and Wiley, 1991). The laser beams come from the
top and bottom of the image. The circular feature and vertical line correspond to the mask
used to protect the camera from strong radiation and the scattering of the laser beams and
target support, respectively.
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Fig. 15 Resonant absorption images with different magnetic field strengths: (a) B =0 T
and (b) B =1 T (Mostovych et al., 1989). The main laser conditions are an energy of a few
mJ and a pulse duration of 3—4 ns, the irradiated target is planar, and the field of interest
is the ablation side of the target.

until ¢ = 350 ns, as shown in Fig. 13. Then, the filamentary structure grows
in time as in Fig. 14 (c).

4.4 Perpendicular propagation of a low-3 plasma

When the magnetic field is dominant over the plasma and the field is normal
to the plasma flow, so when 6, = 90° and f is low, it is generally expected
that the plasma will be decelerated and confined by the magnetic field. In
the above experiments, in which the plasma kinetic energy is initially larger
than the magnetic field energy, the plasma is decelerated by the magnetic
field and exhibits instabilities after the expelled magnetic pressure becomes
comparable to the plasma kinetic pressure (Ripin et al., 1987; Dimonte and
Wiley, 1991). Even in the presence of a strong, perpendicular magnetic field,
with 6, = 90° and low 3, plasma collimation and wedge formation have been
observed (Mostovych et al., 1989). Figure 15 shows snapshots of plasma images
(a) in the absence and (b) in the presence of a strong external perpendic-
ular magnetic field. The effect of the external magnetic field is evident. In
Fig. 15 (b), even though the plasma kinetic and thermal pressure is smaller
than the magnetic field pressure, there is no evident plasma deceleration. Note
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Fig. 16 (a) A schematic figure of plasma propagation in the absence of a magnetic field.
Interferograms (b) at 8 ns and (c¢) at 15 ns from laser irradiation without an external
magnetic field. (d) A schematic figure of plasma propagation in the presence of a weak
magnetic field. Interferograms (e) at 10 ns and (f) at 15 ns from laser irradiation with an
external magnetic field. The data are the same as in Kuramitsu et al. (2018).

that in both Figs. 14 and 15, although their 8 values are significantly different,
the ion gyroradii are larger or comparable to the plasma scale length. How-
ever, the electrons are well magnetized, yet no discussion on the electron scale
dynamics. The recent trends in experimental studies relevant to space and
astrophysical phenomena have been stronger magnetic fields with pulse power
(see, for example, Mabey et al., 2019) and large magnetic devices coupled with
lasers (e.g., the Large Plasma Device (LAPD), Niemann et al., 2014).

5 Global imaging of magnetic reconnection
driven by electron dynamics

5.1 Plasma collimation in the presence of a weak
perpendicular magnetic field

We establish a simple experimental setup with and without a weak external
magnetic field perpendicular to the plasma propagation direction, as shown
in Fig. 16 (Kuramitsu et al., 2018). We use several Gekko XII laser beams
with beam offsets to create a directional plasma jet, as shown in Fig. 16 (a)
(Kuramitsu et al., 2009). In the beginning, we did not expect to observe
a significant difference between the case without [Fig. 16(a)—(c)] and with
[Fig. 16(d)—(f)] the magnetic field, since we applied the external magnetic field



Springer Nature 2021 ETEX template

Electron scale magnetic reconnections in laser produced plasmas 29
(a) 1
plasma plasma
+ =
flow flow
(b)
induced E induced B

plasma

electrons ions X
flow

Fig. 17 (a) The plasma dynamic pressure distorts the weak magnetic field, inducing parallel
and anti-parallel magnetic fields B relative to the plasma propagation direction. (b) Since
the ions are not magnetized but the electrons are magnetized, the ions are ahead of the
electrons, inducing a space charge and electric field E. Only electrons induce the Ex B
drift and create a net current, which is consistent with the elongated anti-parallel magnetic
geometry (Kuramitsu et al., 2018).

with a permanent magnet with a field strength of ~ 0.7 T at the surface and
~ 0.3 T in the plasma region. As we discuss below, the plasma kinetic energy
is much larger than the magnetic field energy. However, the interferograms
show clear differences between the cases with and without the magnetic field.
In the presence of the external, perpendicular magnetic field, the plasma tends
to collimate at large distances.

From Fig. 16 (f), it can be seen that the plasma reaches ~ 8 mm in 15
ns, and thus the plasma velocity observable from the interferometry is ~ 500
km s—!. With this velocity and a magnetic field of 0.3 T, one can estimate
the proton and electron gyroradii as 17 mm and 9.5 pm, respectively. Our
system size is about 10 mm, and therefore, the ions are not magnetized but
the electrons are well magnetized, i.e., only the electrons are directly coupled
with the magnetic field.

We also define a dynamic plasma 3 ~ 10° using the kinetic bulk plasma
energy and the magnetic field energy, with a measured plasma density. Since
the dynamic or ram pressure of the plasma on the magnetic field is significantly
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larger than the magnetic field pressure, the magnetic field is easily distorted.
We have discussed plasma collimation with some theoretical experts in mag-
netohydrodynamics (MHD). It turns out that although it is possible to create
a magnetic cavity due to the strong dynamic pressure, it is difficult to explain
the observed plasma collimation using MHD theory. We now consider the dif-
ferent motions of the ions and electrons. Figure 17 schematically shows the
physical consequences of this. One can see that even in the absence of a mag-
netic field, the plasma expands more along the axis than in the lateral direction
in Fig. 16 (b) and (c). Thus, the plasma tends to push the magnetic field in
this direction. This results in the induced parallel and anti-parallel magnetic
fields seen in Fig. 17 (a). Furthermore, since the electrons are magnetized but
the ions are not, a space charge is created, as seen in Fig. 17 (b). The induced
electric field and induced magnetic field create a current, which supports the
distorted anti-parallel magnetic field configuration. The current is supplied by
the E x B drift of electrons since only the electrons are magnetized. Once
the magnetic field becomes parallel to the plasma propagation direction, the
electrons tend to propagate along this direction, enhancing the current and
distortion. There is thus a positive feedback effect on the plasma collimation.

This scenario has been confirmed with PIC simulations (Moritaka et al.,
2016; Kuramitsu et al., 2018). We perform two-dimensional (2D) PIC simu-
lations with and without the background magnetic field by injecting plasma
from the origin in the +a direction. We set the injection velocity to be larger
than the electron and ion thermal velocities. We set the kinetic plasma 5y ~ 40
and 4000 for electrons and ions, respectively, in the finite B case, where the
external magnetic field is uniform in the +y direction, perpendicular to the
plasma injection direction. Further details can be found in the supplementary
information of Kuramitsu et al. (2018). Figure 18 (a) and (b) show the plasma
propagation in the presence and absence of the external magnetic field, respec-
tively. The upper and lower halves show the electron density and the charge
density, respectively, both in Fig. 18 (a) and (b). The magnetic field distortion
and plasma collimation are clearly seen in Fig. 18 (a), but not in Fig. 18 (b).
There is a positive charge ahead of the confined electrons created by unmag-
netized ions. The space charge induced E field crossed with the local B field
causes E x B drift only for the magnetized electrons, i.e., it generates a net cur-
rent that induces the magnetic field, as seen in Fig. 18. Superposing this field
with the background uniform magnetic field results in a distorted magnetic
field consistent with the field in Fig. 18.

5.2 Cusps and plasmoids

The above experiment on plasma collimation was carried out under vacuum
conditions in order to address the effects of the magnetic field. In order to
further enhance the plasma collimation, and thus, to thin the current sheet,
we add an ambient plasma as shown in Fig. 19 (a). We fill the target cham-
ber with nitrogen gas. The gas is ionized by strong x-rays from laser-target
interactions and magnetized. Since the laser-produced plasmas we observe are
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Fig. 18 (a) 2D PIC simulatién/s Tgf the plasma propagation under the influence of the
external uniform magnetic field. The upper and lower panels show the electron density and
the charge density, respectively. The solid lines show the magnetic field distorted by the
plasma pressure. (b) As (a), but in the absence of an external magnetic field. (c) The current
density and the current-induced magnetic field. The same parameters were used as in the
runs in Kuramitsu et al. (2018).

normally supersonic, there will be a shock wave in the ambient plasma. The
shocked plasma further provides external pressure to the anti-parallel magnetic
field structure. Figure 19 (b) shows the self-emission image obtained with a
fast-gated CCD camera, clearly showing the unique features of magnetic recon-
nection, that is, a cusp and plasmoid. In the early stages of the electron-scale
magnetic reconnection project, we consulted solar physicists working on mag-
netic reconnections about how magnetic reconnections are recognized in their
observations (remote images of solar plasmas) and confirmed that cusps and
plasmoids are used. In the solar plasma, a flux tube can be elongated and dis-
torted, and eventually reconnected and cut. One part comes back to the Sun
and the other propagates into open space as a plasmoid. This is common in
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Fig. 19 (a) A schematic diagram of the experimental setup with ambient plasmas filling
the target chamber with gas. The gas around the target is ionized by strong radiation from
laser-matter interactions. (b) A self-emission image taken by a gated camera 35 ns from the
point of laser irradiation (Kuramitsu et al., 2018).

the magnetotail reconnections in the Earth’s magnetosphere, where one part
coming toward the Earth becomes the origin of the aurorae, and the other
propagates into open space as a plasmoid.

5.3 Electron Alfvénic outflow

The cusp and plasmoid are unique features that can be used to identify mag-
netic reconnection in solar plasmas. Another important feature of magnetic
reconnection is an outflow propagating at the Alfvén speed. As also reported
for the MMS electron-scale observations (Torbert et al., 2018), the outflow on
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Fig. 20 (a) A schematic image of the spatiotemporal evolution of the magnetic recon-
nection. (b) A streaked self-emission image in the presence of the external magnetic field
(Kuramitsu et al., 2018). (c) As (b), but in the absence of a magnetic field.

the electron scale propagates at the Alfvén speed defined by the electron mass.
In our experiment, since only the electrons are directly coupled with the mag-
netic field, the inertia of the magnetic field perturbations is provided by the
electrons. Figure 20 shows the spatiotemporal evolution of the magnetic recon-
nection driven by the electron dynamics as obtained with a streak camera. As
shown in Fig. 20 (a), once the elongated magnetic field is reconnected, one
can measure the separation velocity from the streaked image. First of all, in
the presence of the external magnetic field [Fig. 20 (b)], a bright feature corre-
sponding to the plasmoid is observed in the snapshot in Fig. 19 (b). In contrast,
in the absence of a magnetic field [Fig. 20 (c)], there is no such feature. These
observations clearly show that plasma separation occurs only in the presence
of the external magnetic field. The separation velocity indicated by the white
arrows is 2Av ~ 100 km s~!. The Alfvén speed estimated using the electron
mass, measured density, and applied magnetic field is 40 — 63 km s~!, which
is consistent with the separation velocity. Our observations strongly indicate
magnetic reconnection driven by electron dynamics.

6 Local measurements of magnetic
reconnection in electron scale

So far, we have observed global images of plasmas. Emission images and inter-
ferograms, e.g., the images shown in Sec. 5, show structures in the electron
density. However, people tend to recognize these as plasma structures because
the electron motion is coupled with massive ions. It is difficult to separate
electron and ion structures solely from such images. Thus, we perform local
observations that can distinguish between electron and ion motions.

Since magnetic reconnection is a multi-scale process, in which the global
magnetic topology changes as a result of local current dissipation, it is impor-
tant to measure local quantities together with the global distributions of the
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Fig. 21 Typical spectra of (a) non-collective and (b) collective Thomson scattering. (c)
Parametric resonance in CTS

plasma and magnetic field. Local observations of magnetic reconnections pro-
vide insights into the microphysics of reconnection, e.g., electron dynamics,
plasma waves, and microinstabilities. In laboratory plasmas, such as laser-
produced plasmas, Thomson scattering measurements (Froula et al., 2011) and
magnetic induction probe measurements (Everson et al., 2009) are used for
local observations.

6.1 Diagnostics
6.1.1 Thomson scattering measurements

The local distribution functions of electrons and ions can be measured using
Thomson scattering, which is light scattering by charged particles, especially
electrons (Froula et al., 2011). Thomson scattering is categorized as either
collective or non-collective scattering in plasmas depending on the plasma
parameters and diagnostic system. When the Debye length is much larger than
the wavelength of the incident light, the scattering becomes non-collective,
reflecting random electron motion. Figure 21 (a) shows the typical spectrum
of non-collective scattering. The absolute intensity of the scattered light is
proportional to the electron density. The shape of the spectrum corresponds to
the electron distribution function in non-collective Thomson scattering. This
can be understood as the scattered wavelength being Doppler shifted from the
incident wavelength by the moving electrons. The intensity of the Doppler-
shifted scattered light is proportional to the number of electrons moving at
the velocity corresponding to the wavelength shift. Non-collective Thomson
scattering can be adopted to measure not only Maxwellian but also arbitrary
distribution functions.

On the other hand, when the Debye length is smaller than the wavelength of
the incident light, the scattered light reflects collective plasma waves, which is
called collective Thomson scattering (CTS). The typical spectrum (not scaled)
is shown in Fig. 21 (b). CTS is a parametric resonance among incident electro-
magnetic, scattered electromagnetic, and plasma waves, as shown in Fig. 21
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Fig. 22 A schematic circuit of the induction probe (Everson et al., 2009).

(¢). The resonance with Langmuir waves corresponds to the electron feature,
and that with ion acoustic waves to the ion feature. The resonant wavenumber
and frequency of the plasma waves are indicated by the red and blue arrows
in Fig. 21 (c). Both have two resonant peaks associated with waves propagat-
ing toward and against the observational direction or the k-vector direction
that is determined by the directions of the incident wave and collection optics.
CTS measures the dispersion relation and the wave amplitude at the resonant
wavenumber and frequency. One can estimate distribution functions from the
wave properties. Assuming the distribution functions to be Maxwellian, the
spectral shape of the electron feature provides the density, temperature, and
velocity of the electrons, and that of the ion feature provides the tempera-
ture and velocity of the electrons and ions. Since the CTS spectrum contains
information on the distribution functions, one can in principle estimate an
arbitrary distribution function from the spectrum. However, the analysis for
an arbitrary-shaped distribution function is complicated because the spectral
shape is indirectly related to the distribution function.

6.1.2 Magnetic induction probe

The magnetic induction probe (or the so-called B-dot probe) is used to measure
local magnetic fields in laboratories (Everson et al., 2009). The probe consists
of loop coil(s) and measures the induction voltage relevant to the change in
the magnetic field. Figure 22 shows the schematic circuit of the probe. In order
to reduce noise, a pair of coils with right-handed and left-handed loops are
sometimes used. When the induction occurs, the signs of the voltage of each
coil are opposite. The differential amplifier allows us to measure the signal
related only to the magnetic field. The integral of the measured voltage gives
the absolute value of the magnetic field. Since the signal is proportional to the
derivative of the magnetic field, one can find waves with frequency analysis.

6.2 Electron-only reconnection outflow

We perform an experiment focusing on local observations using CTS and the
magnetic induction probe (Sakai et al., 2022). Figure 23 (a) shows the exper-
imental setup. We employ the same method as in Sec. 5. We observe the
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Fig. 23 (a) The experimental setup (Sakai et al., 2022). (b) A spectrum of ion feature with
different electron and ion flow velocities. (c), (d) Schematic spectra on both sides of the X
point.

interaction region of the magnetic reconnection with the ion feature of CTS.
Figure 23 (b) shows the CTS spectrum when the electron flow velocity is dif-
ferent from that of the ions. The ion velocity determines the Doppler shift, i.e.,
the wavelength shift of the spectral center from the wavelength of the probe
laser. The velocity difference between the electrons and ions affects the rate of
Landau damping at the resonant phase velocities of the ion acoustic wave, i.e.,
the spectral asymmetry of the two peaks. If the plasmoid and cusp propagat-
ing at the electron Alfvén velocity in Figs. 19 and 20 are the electron outflow,
the CTS spectrum should show the spatial change in the asymmetry near the
X point — the spectrum in Fig. 23 (c) at the left side of X point because the
electrons are slower than the ions, and that in Fig. 23 (d) at the right side of
X point because the electrons are faster than the ions.

Figures 24 and 25 show the electron and ion velocity measurements. The
experimental results in the presence and absence of the external magnetic field
are compared in Fig. 24 (a)—(c) and (d)—(f), respectively. Figure 24 (a) and
(d) show the self-emission images taken 50 ns after the main laser irradiation.
Note that the plasmoid and cusp shown in Fig. 19 are smeared in Fig. 24 (a)
because the CTS probe beam ionizes the plasma. Figure 24 (b) and (e) show
the CTS images of the ion feature and the spectral profiles are plotted in Fig.
24 (c¢) and (f). In order to obtain the flow velocity of the electrons and ions,
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Fig. 24 Global and local observations of electron-scale magnetic reconnection (Sakai et al.,
2022). (a)—(c) and (d)—(f) are the results with and without the external magnetic field. (a),
(d) Self-emission images. (b), (e) CTS spectral images. (c), (f) Profiles of (b) and (e).

the profiles are fitted with the scattering form factors [black curves in Fig. 24
(c) and (f)], which represent the theoretical CTS spectrum. Figure 25 shows
the spatial distribution of velocity differences with and without the external
magnetic field obtained from the CTS spectra. Although the ion velocities are
near constant regardless of the external magnetic field, only the electrons are
exhausted from d ~ 0 in the presence of the external magnetic field. This is
considered to be the electron outflow, as illustrated in the inset of Fig. 25.
Using the electron and ion velocities, the gyroradius [rq; = mj;v;c/(q;B)] and
magnetization [0; = B?/(4wn;jm;v?)] are rye ~ 36 pum and o, ~ 0.22 for
electrons, rg4p, ~ 4.9 mm and o, ~ 8.7 % 102 for protons, and Tge ~ 14 mm and
0. ~ 1.3 x 1072 for carbons. Since the experiment is on the millimeter scale,
only the electrons are magnetized and interact with the external magnetic
field. As the difference in the electron velocity is ~ 2500 km/s, the electron
outflow velocity of ~ 1200 km/s is comparable to the electron Alfvén velocity
of vae ~ 900 km/s. This indicates that the electrons and ions move differently
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Fig. 25 Velocity difference with and without the external magnetic field (Sakai et al., 2022).

on scales less than the ion gyroradii; there are electron Alfvénic outflows but
no ion outflows.

6.3 Detection of plasmoid and whistler waves

We observe the plasmoid and whistler waves associated with electron-scale
magnetic reconnection using a 3-axes magnetic induction probe (Sakai et al.,
2022). The probe is located ~ 5 cm from the reconnection region. When the
plasmoid propagates to the probe, the sign of the magnetic field changes, as
illustrated in Fig. 26 (a). This can be observed as a tripolar shape of the induc-
tion voltage in Fig. 26 (b). As discussed before, the Biermann magnetic field
always exists in laser experiments. When the Biermann magnetic field simply
passes through the probe, the induction voltage shows the bipolar shape in
Fig. 26 (c). Figure 26 (d) and (e) show the temporal evolution of the mea-
sured voltage and magnetic field. In the presence of the external magnetic
field in Fig. 26 (d), the magnetic field inversion is observed at ¢ ~ 400 ns.
Since the plasmoid propagation velocity is ~ 100 km/s (Kuramitsu et al.,
2018), the detection timing of 400 ns is comparable to the propagation time
of the plasmoid from the reconnection region to the magnetic induction probe
[(5 cm)/(100 km/s) = 500 ns].

The magnetic field in Fig. 26 (c) shows the temporal oscillation embedded
in the dynamic change of the magnetic field relevant to the plasmoid. In Fig.
27 (a)—(f), we perform time-frequency analysis using the wavelet transform.
Comparing the three components of the magnetic field with and without the
external magnetic field, one can find a ~ 10 MHz oscillation around ¢ ~ 400 ns
in the By and Bs components with the external magnetic field, which are
nearly perpendicular to the nominal background magnetic field, as shown in
Fig. 27 (g). The frequency of the oscillation is between the gyrofrequencies of
the electrons (~ 8 GHz) and ions (~ 1 MHz). As the phase difference between
By [Fig. 27 (b)] and Bs [Fig. 27 (c)] in Fig. 27 (h) is ~ 90°, the oscillation has
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Fig. 26 Local magnetic field measurements with the induction probe (Sakai et al., 2022).
(a) A schematic illustration of plasmoid propagation to the probe. (b), (¢) The responses of
the induction probe in the bipolar and unipolar time evolution of the magnetic field. (d),
(e) The experimentally observed magnetic field.

right-hand polarization. This phenomenon is identified as whistler waves. By
considering the group velocity of the whistler waves and the plasma expansion
velocity from the target, the arrival time of the whistler waves at the magnetic
induction probe can be estimated using the black curves in Fig. 27 (h). This is
consistent with the ~ 90° polarized region, so the whistler waves come from the
reconnection region. The generation mechanism of the whistler waves can be a
temperature anisotropy (Fujimoto and Sydora, 2008) or modified two-stream
instability (Ji et al., 2004) driven by the electron outflow.

6.4 Non-Maxwellian electron distribution functions

The recent experiments with magnetic confinement devices focus on electron-
scale dynamics, especially on the electron-only reconnection (Shi et al., 2022,7;
Sang et al., 2022). In magnetically-confined plasmas, the spatial distribution of
local density, temperature, and electromagnetic fields have been observed using
multiple probes such as electrostatic and induction probes (Sang et al., 2022;
Yamada et al., 2014). In the experiments by Shi et al. (2022,7), the shape of
the electron distribution function downstream of the magnetic reconnection is
directly measured with non-collective Thomson scattering. Figure 28 shows the
electron distribution functions in the outflow direction with different positions
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Fig. 27 Magnetic fluctuation measurements (Sakai et al., 2022). (a)—(f) Time-frequency
spectrograms of three components of the magnetic field. (g) The time evolution of the
magnetic field strength with the external magnetic field. (h) The phase difference between
B> and Bz with the external magnetic field.

and magnetic field strengths (Shi et al., 2022). The position z = 0 mm is the X
point and Fig. 28 (a) and (b) compare the measurements on both sides of the
X point with the magnetic field strength of 15 G. There are thermal electrons
at rest and beam electrons moving in the outflow direction. Their Maxwellian
fits are plotted as dashed curves, and the sum of two dashed ones is shown in
the solid one. The electron temperatures of the thermal and beam electrons
are T, ~ 2.8 eV and T? ~ 0.02 eV, respectively. The density ratio of beam
electrons to thermal electrons is 0.04. The vertical dotted blue lines indicate
the electron Alfvén velocity of 430 km/s and its half value. The velocity of
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Fig. 28 Electron distribution function measurements with non-collective Thomson scat-
tering (Shi et al., 2022). (a) * = —3 mm with Bjnfi0p = 15 G. (b) # = 7 mm with

Binfiow = 15 G. (¢) £ = —3 mm with Bj,f10, = 10 G. The electron Alfvén velocity is
indicated by the vertical dotted blue lines.

the beam electrons is close to the electron Alfvén velocity. The beam velocity
of ~ —440 km/s at * = —3 mm in Fig. 28 (a) and that of ~ 210 km/s at
x = 7 mm in Fig. 28 (b) suggest the electron beams move away from the X
point on both sides of the X point. Figure 28 (c¢) shows the scattered spectrum
with the same setup as in Fig. 28 (a) but with a magnetic field strength of 10 G.
The beam velocity decreases to —180 km/s as the electron Alfvén velocity does
to 280 km/s. Thus, the beam component of the electron distribution function
is considered to be the electron Alfvénic outflow resulting from electron-scale
magnetic reconnection.

6.5 Unstable wave measurements with Thomson
scattering

In electron-scale magnetic reconnection, various kinds of waves are excited as
a result of microinstabilities, such as Buneman, electron two-stream, modified
two-stream, and lower hybrid drift instabilities (Fujimoto, 2014). Since CTS is
a parametric resonance, the dispersion property and amplitude of the excited
waves can be directly observed with CTS measurements (Matsukiyo et al.,
2016; Sakai et al., 2020, 2023). The CTS spectra of excited waves show large
asymmetries of the electron and ion features or additional peaks associated
with the waves (except for the Langmuir and ion-acoustic waves). Figure 29
shows the CTS spectrum in the presence of electron two-stream instability. The
unstable distribution function is shown in Fig. 29 (a). Figure 29 (b) is the same
as Fig. 21 (c) but the unstable branch is illustrated at w/k ~ wvp. This results
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Fig. 29 A numerical simulation of the CTS spectrum in the presence of an electron two-
stream instability (Sakai et al., 2020). (a) The electron distribution function. (b) A schematic
illustration of the parametric resonance with the two-stream instability. (¢) The spatiotem-
poral evolution of the density fluctuations. (d) The simulated spectrum.

in the excitation of electrostatic waves in Fig. 29 (c). The simulated spectrum
in Fig. 29 (d) shows the enhancement of the right peak resulting from the
instability. The intensity of the right peak is determined by the amplitude of
excited waves at the resonant wavenumber and frequency. By observing spectra
showing large asymmetries in electron-scale reconnection experiments, we can
discuss when, where, and which type of microinstability occurs in electron-scale
magnetic reconnection.

7 Summary

In this work, we have discussed magnetic reconnections driven by electron
dynamics. We gave a brief review of the recent space observations of magnetic
reconnections on electron scales in Section 1 and in this review, we have focused
on magnetic reconnections in laser-produced plasmas, paying special attention
to the electron dynamics.

In Section 2, we reviewed the classical reconnection models and the roles
of microscopic plasma dynamics on magnetic reconnection. Magnetic recon-
nection is a multi-scale phenomenon due to the contributions of global plasma
dynamics surrounding the reconnection region and local plasma dynamics
inside the magnetic diffusion region. Ion-scale dynamics resulting from the
decoupling between electron and ion flows potentially accelerate the reconnec-
tion process to realize fast magnetic reconnection, which can explain impulsive
phenomena in collisionless space and fusion plasmas. Non-gyrotropic electron
motion and interactions with micro-turbulences can violate the conservation
of magnetic field topology to trigger collisionless magnetic reconnection. We
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also introduced signatures of these microscopic dynamics in in-situ satellite
observations and laboratory experiments.

In Section 3, we briefly reviewed magnetic field generation via the Bier-
mann battery effect. When a solid slab target is irradiated by a laser pulse,
a Biermann magnetic field is generated on the surface of the target. By using
multiple (typically two) laser pulses with focal spot displacement, multiple
magnetic bubbles can be generated with which the Biermann magnetic field
can be reconnected. Most relevant laser experiments have been devoted to this
style of magnetic reconnection, in which the ablated plasmas strongly drive
the magnetic reconnections.

In Section 4, we followed up on laser experiments applying external mag-
netic fields. Plasma propagations under the influence of external magnetic
fields are dependent on the plasma [, the angle between the plasma prop-
agation direction and the magnetic field orientation, and the experimental
configuration. High-$ plasma can evacuate the magnetic field regardless of the
magnetic field orientation, following flute-type instabilities after the plasma
kinetic pressure and the evacuated magnetic pressure balance in the perpen-
dicular magnetic field configuration. Low-8 parallel-propagating plasma can
be well confined by the parallel magnetic field, forming a plasma jet. Low-
B perpendicular-propagating plasma also shows plasma collimation on the
kinetic scale.

In Section 5, we introduced our recent efforts on magnetic reconnection
driven by electron dynamics in laser-produced plasmas. By applying a weak
external magnetic field to a laser-produced plasma, we created magnetized
electrons and unmagnetized ions, i.e., only the electrons were directly cou-
pled with the magnetic field. Under this condition, plasma collimation was
observed with global imaging, indicating that the magnetic field was distorted
by the plasma dynamics pressure, resulting in a local anti-parallel magnetic
field configuration. A plasmoid associated with cusp-like features was imaged
through the plasma emissions, with the plasmoid propagating at the Alfvén
velocity defined by the electron mass. This strongly indicates that the magnetic
reconnection was driven by electron dynamics.

In Section 6, we further developed our electron-scale reconnection exper-
iment to measure the local properties of plasmas and magnetic fields. In
astrophysical plasmas, macroscopic information can be obtained by global
imaging from distant astrophysical phenomena, but it is impossible to obtain
local information. On the contrary, in space plasmas, microscopic information
can be obtained by in-situ observations, such as of the Earth * s magneto-
sphere with spacecraft, but it is difficult to obtain global information with
point observations. It is therefore difficult to obtain microscopic and macro-
scopic information at the same time both in space and astrophysical plasmas,
but laboratory experiments allow us to obtain both of these simultaneously.
Electron outflows not accompanied by ion motion have been identified in the
magnetic reconnection driven by electron dynamics. Magnetic field reversals
and whistler waves also indicate magnetic reconnection on the electron scale.
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We have been working on Thomson scattering measurements of nonlinear,
non-stationary, and non-equilibrium plasmas to understand the instabilities
and particle acceleration in such plasmas relevant to electron-scale magnetic
reconnections.
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