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Magnetic reconnection in laser-produced magnetized plasma is investigated by using optical di-
agnostics. The magnetic �eld is generated via Biermann battery e�ect, and the inversely directed
magnetic �eld lines interact with each other. It is shown by self-emission measurement that two
colliding plasmas stagnate on a mid-plane forming two planar dense regions, and that they interact
later in time. Laser Thomson scattering spectra are distorted in the direction of the self-generated
magnetic �eld, indicating asymmetric ion velocity distribution and plasma acceleration. In addition,
the spectra perpendicular to the magnetic �eld show di�erent peak intensity, suggesting an electron
current formation. These results are interpreted as magnetic �eld dissipation, reconnection, and
out�ow acceleration. Two-directional laser Thomson scattering is, as discussed here, a powerful tool
for the investigation of microphysics in the reconnection region.

I. INTRODUCTION

Magnetic reconnection in collisionless plasma plays a
key role in global change of magnetic �eld topology and
rapid energy conversion from magnetic �eld to plasma
thermal and kinetic energies[1, 2]. The reconnection
physics includes both microscopic magnetic-�eld dissipa-
tion in an electron scale, and macroscopic �eld advec-
tion in surrounding plasmas. This large-scale di�erence
makes it di�cult to understand the whole story of mag-
netic reconnection. Laser-plasma experiment can be a
useful tool for investigating magnetic reconnection, es-
pecially in high-beta condition. Strong magnetic �eld
is, spontaneously, generated in a high-temperature and
high-speed expanding plasma via laser-solid interaction,
and an anti-parallel �eld structure is easily formed by the

laser irradiation of two di�erent spots[3�6]. However, lo-
cal measurements of plasma parameters and magnetic
�eld are di�cult in such small-scale and fast expanding
plasmas, and, so far, there have been few discussions on
current sheet formation, in�ow and out�ow parameters,
plasma energization, and reconnection rate.

Recently, laser-produced plasmas have been precisely
measured with laser Thomson scattering (LTS)[5, 7�9].
The spectral shape of the ion-feature is explained as a
result of ion-acoustic resonance and Landau damping on
an ion-acoustic wave depending on ion and electron ve-
locity distributions. Typical plasma parameters such as
temperature, density, average charge state, and �ow ve-
locity can be obtained in the case of Maxwellian velocity
distribution. However, the velocity distributions can be
asymmetric in non-equilibrium plasma, such as in a shock
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transition region, current-sheet, and magnetic reconnec-
tion region. Even when ions are in non-Maxwellian, the
ion distribution function is inferred considering the dif-
ferent damping e�ects on positive and negative phase ve-
locities, or blue- and red-shifted resonance peaks of the
scattered spectrum.

In this paper, we report the measurement of appear-
ance and disappearance of an electron current sheet ac-
companied by bidirectional ion out�ows, for the �rst
time, in the time-evolution of magnetic reconnection
occurring between laser-produced magnetized plasmas.
The self-emission (SE) imaging shows the interaction of
two laser-produced plasmas. Two plasmas stagnate in
an anti-parallel self-generated magnetic �eld and they
connect with each other later in time, suggesting sud-
den decrease in the magnetic pressure. The resonant
peaks of the ion-feature almost perpendicular to the self-
generated magnetic �eld, B, show asymmetry in height,
suggesting electron drift relative to ions or asymmetric
electron velocity distribution, in other words, an electron
current formation. The asymmetry in the spectrum de-
creases later in time, which means symmetric velocity
distribution on both electrons and ions. This fact in-
dicates the disappearance of the electron current. The
ion-feature parallel to B shows di�erent widths on blue-
and red-shifted peaks, indicating asymmetric ion velocity
distribution or bidirectional ion �ows depending on the
position. The appearance and disappearance of the elec-
tron current and bipolar ion �ows are interpreted as the
magnetic-�eld dissipation in the current sheet, magnetic
reconnection, and resultant out�ow jets.

In the section II, we brie�y review the theory of LTS
with Maxwellian and non-Maxwellian electron and ion
velocity distributions. The experimental observation
of asymmetric ion-features, and interpretations of these
spectra with non-Maxwellian velocity distributions are
shown in the section III. In addition, we discuss the
existence of bipolar ion �ows and electron current in the
anti-parallel magnetic �eld in the section IV, and we sum-
marize the analysis and discussion in the section V.

II. LASER THOMSON SCATTERING IN THE

CASE OF NON-MAXWELLIAN ELECTRON

AND ION DISTRIBUTIONS

A. LTS spectrum for Maxwellian velocity

distribution

LTS spectrum is expressed with the spectral density
function[10]:
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2π
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where j is the ion species, k = ks − ki and ω = ωs − ωi

are the wavenumber and frequency of the plasma wave,
respectively, ki and ks are the wavenumbers of incident
and scattered light, respectively, ωi and ωs are the fre-
quencies of incident and scattered light, respectively, and
ϵ and χe are longitudinal dielectric function and electron
susceptibility, respectively, shown below:
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Zj is the average charge state of ions, and fe and fj are
the electron and ion velocity distributions, respectively.
In the case of Maxwellian, f is expressed below:
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)
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Here, vf is the �ow velocity in k direction, and vth is the
thermal velocity of species:
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When both the ions and electrons are in Maxwellian,
S(k, ω) becomes
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where ξe and ξj are phase velocities normalized by the
thermal velocities shown below:

ξe = (ω/k − vfe)/vth,e and ξj = (ω/k − vfj)/vth,j. (8)

χe and χj become
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and w is the derivative of plasma dispersion function. In
the case of single ion species, we have

S(k, ω) =
2π

k

[∣∣∣1− χe

ϵ

∣∣∣2 fe(ω
k
) + Zi

∣∣∣χe

ϵ

∣∣∣2 fi(ω
k
)

]
,(12)

or in Maxwellian,
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FIG. 1. (a) LTS spectra with two di�erent electron drifts
relative to ions: vfi = 0, vfe = 0 (solid line) and −0.02vth,e
(dashed line). (b) The electron velocity distributions with the
�ow velocities vfe = 0 (solid line) and vfe = −0.02vth,e (dashed
line). A non-Maxwellian electron velocity distribution (dot-
dashed line) reproduces the same spectrum of vfe = −0.02vth,e
shown with dashed line in (a).

B. Maxwellian and non-Maxwellian electron

velocity distributions

When the electron �ow drifts from ion �ow keeping
their distributions in Maxwellian, LTS spectrum becomes
asymmetric due to di�erent rates of electron and ion Lan-
dau damping on the ion acoustic waves propagating pos-
itive and negative k directions (the left and right sides
of the ion-feature). Figure 1(a) shows the ion-features of
LTS with di�erent electron drift vfe = 0 (solid line) and
−0.02vth,e (dashed line). The corresponding velocity dis-
tributions are shown in Fig. 1(b) with solid and dashed
lines, respectively. This asymmetric LTS spectrum can
also be obtained when the electron velocity distribution
is distorted and is no longer in Maxwellian as shown with
dot-dashed line in Fig. 1(b). Here, the non-Maxwellian
distribution is expressed with the summation of two dif-
ferent Maxwellian distributions:f = 0.5(f1+f2) with dif-
ferent temperatures and drift velocities, and same elec-
tron damping e�ects on the ion-acoustic wave, indicating
the same derivative of the distribution function ∂f/∂v
near the phase velocity of the ion-acoustic wave.

C. Non-Maxwellian ion velocity distribution

When the ion velocity distribution is not expressed
with Maxwellian, the ion susceptibility is not so simple,
and an ion-feature is a�ected by di�erent Landau damp-
ing on left and right peaks depending on ion and electron

FIG. 2. (a) LTS spectra for non-Maxwellian ion velocity dis-
tributions of f = f1 + f2, where f1 and f2 are Maxwellian
distributions with di�erent temperatures and drift velocities
(vf 2 = 0, −0.5vth,i, and −vth,i shown with solid, dashed and
dotted lines, respectively). The corresponding velocity distri-
butions are shown in (b).

velocity distributions, which has been experimentally
observed[11, 12] and numerically calculated[13] for two-
streaming plasmas. We assume that non-Maxwellian
ion distribution fi is the sum of two di�erent Maxwellian
with di�erent temperatures as follows:

fi = αfi1 + (1− α)fi2, (14)

where α is the abundance ratio. The ion susceptibility
χi becomes

χi = αχi1 + (1− α)χi2, (15)

and LTS spectrum S(k, ω) is given by
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as shown in Fig. 2(a). We assume that electrons are
in Maxwellian, and that there is no e�ective current:
vfene = αZ1ni1vf 1 + (1− α)Z2ni2vf 2. Note that the ion-
feature shown in Fig. 2(a) does not strongly depend on
the electron �ow velocity in 0 < |vfe| ≲ |vf 2|. Figure
2(b) shows the ion velocity distributions with α = 0.5,
Ti1 = 100 eV, Ti2 = 300 eV,

fi1(v) =
1√

πvth,1
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)
, (17)
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2

v2th,2

)
, (18)
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FIG. 3. The ion-features of LTS spectra calculated with Eq.
(13) (solid line) and Eq. (19) (dashed line), with the mea-
surement time t = 3 [(a) and (d)], 6 [(b) and (e)], and 9 ns
[(c) and (f)], the exposure time ∆t = 3 ns, and measurement
position of x = 1 mm [(a), (b), and (c)] and 0.3 mm [(d), (e),
and (f)]. The carbon plasma is assumed with Te = Ti = 100
eV, ne = 2× 1018 cm−3, Z = 6, and vf = x/t.

and the �ow velocities of �rst and second �ows: vf 1 =
0 and vf 2 ̸= 0. Here, three velocity distributions with
di�erent vf 2 of 0, −0.5vth,i, and −vth,i are shown.

Unlike in the case of electron drift shown in Fig. 1,
both the intensity and the width of the two resonant
peaks change depending on Ti1, Ti2, vf , and α, and this
asymmetric e�ect on each resonant peak allows us to infer
rapid thermalization and acceleration such as the interac-
tion of counter-streaming plasmas[11, 14�17], shockwave
generation[18�21], and magnetic reconnection[22�24].

D. Modi�ed spectrum measured with gated

detector

In the case of experimental measurement, the spectrum
is modi�ed when the velocity changes in an exposure
time of a detector. This e�ect is sometimes important
for pulsed plasmas, for example, laser-produced plasmas,
measured with a gated detector such as intensi�ed charge
coupled device (ICCD) camera. The spectrum is modi-

�ed by taking the average in vf ±∆v/2 as

S∆vf (k, ω) =
1

∆vf

∫ vf+∆v/2

vf−∆v/2

S(k, ω)dvf . (19)

The �ow velocity is typically expressed as vf = x/t,
where x is the distance and t is the time after the laser-
irradiation, and the �ow velocity change in a gate width
of ∆t becomes ∆vf ∼ vf∆t/t. This modi�cation can
be ignored with small vf and/or ∆t/t ≪ 1, but should
be taken into account for �tting the measured spectrum
with large vf and ∆t/t ≳ 1. Figures 3(a)�3(c) show
the spectra of the ion-features for carbon plasma with
Te = Ti = 100 eV, ne = 2 × 1018 cm−3, Z = 6 at x = 1
mm and at t = 3, 6, and 9 ns, respectively. Figures 3(d)�
3(f) show the spectra calculated in the same way with
the distance x = 0.3 mm. The dashed lines show the
velocity-averaged spectra calculated with Eq. (19) with
the gate width ∆t = 3 ns which is comparable to the
present experiment shown later. The velocity-averaged
spectra (dashed lines) become close to the theoretical
spectra (∆t = 0, solid lines) later in time in the both
cases of the distance x = 1 mm and 0.3 mm. Even in
the case of small ∆t/t with x = 1 mm, for example,
∆t/t = 1/2 [Fig. 3(b)] and 1/3 [Fig. 3(c)], the spectra
are modi�ed. On the other hand, with x = 0.3 mm, the
modi�cation is small as shown in Figs. 3(e) and 3(f).
Our spectral analyses in the following sections are done
in the time range of t = 5�9 ns and in the distance −0.3
mm < x < 3 mm, and this velocity-averaged e�ect in a
limited gate width is ignorable. Therefore, LTS spectra
are �tted with the theoretical function without taking
average in velocity in the following sections.

III. EXPERIMENT

The experiment was performed with Gekko-XII laser
system at the Institute of Laser Engineering, Osaka Uni-
versity. Two laser beams with the average energy of 700 J
in 1.3 ns at the wavelength of 1053 nm were focused in the
diameter of ∼100 µm and irradiate two individual car-
bon planar foils with the thickness of 0.1 mm. Two foils
were located at z = −0.5 mm on the x-y plane, and two
spots were separated by 2 mm along the y-axis as shown
in Fig. 4(a). Strong magnetic �eld of B ∼ 100 T is self-
generated due to the anisotropy of density and tempera-
ture gradients formed around the laser spots (Biermann
battery e�ect[25], ∂B/∂t ∝ ∇Te × ∇ne). As discussed
later, laser-produced plasma has large plasma beta (βe =
2µ0neTe/B

2 ≫ 1), indicating that the magnetic �eld is
advected along with freely expanding electron �ux. βe

becomes small later in time, and βe ≲ 1 when two plas-
mas interact at t ∼ 5�7 ns. Two anti-parallel magnetic-
�eld lines interact at x ∼ 0 on the mid-plane, y = 0, as
the plasma plumes expand. Similar experimental setup
has recently been used for magnetic reconnection re-
search with high-power laser[3�6, 26�28], and the current



5

FIG. 4. (a) Schematic view of laser ablation, self-generated
(Biermann battery) magnetic �eld, and LTS measurement.
(b) The top view of the target showing the laser-produced
plasma, probe laser, and TS and SE measurements. (c) Two
di�erent TS measurement directions (k1 and k2). (d) The
magnetic �eld structure on the xy-plane.

sheet formation and magnetic reconnection have been in-
vestigated with particle-in-cell simulations[29, 30]. An-
other laser (probe laser, Nd:YAG) with the energy of
330 mJ in 10 ns at the wavelength of 532 nm focused
at the origin (x, y, z) = (0, 0, 0), and the Thomson scat-
tered light was detected from two directions (TS1 and
TS2). The probe laser direction was 45◦ from x and
z axes, and the axis p is de�ned along the probe laser:
(x, y, z) = (p/

√
2, 0,−p/

√
2). LTS measures local plasma

parameters along the probe laser, and the spatial reso-
lution is determined by the focal spot, lLTS ∼100 µm,
as shown in Fig. 4(d). The resolution in wavelength
is determined by the entrance slit and the dispersion in
the spectrometer, which is directly measured by observ-
ing Rayleigh scattering from nitrogen gas �lled in the
vacuum chamber. We used high wavelength-resolution
spectrometer with triple-grating systems[7, 9, 31] and the
resolutions were 25 ± 1 pm for TS1 and 20 ± 1 pm for
TS2, and the dispersed light was detected with ICCD
cameras with the gate widths of 3 ns. The top view of

FIG. 5. SE images at (a) t = 4, (b) 5, (c) 7, and (d) 9 ns.
(e) The enlarged �gure of colliding plasmas at t = 7 ns (c).
Two plasmas expanding from the upper and lower targets slow
down by the piled-up magnetic �eld near the plane y = 0, and
dense structures are formed along the dashed lines.

this geometry is also illustrated in Fig. 4(b). These two
diagnostics measure plasma parameters in two di�erent
directions (k1 and k2) as shown in Fig. 4(c). Plasma
density structure was also imaged with an ICCD camera
with the gate width of 0.2 ns by observing a self-emission
at the wavelength of 450± 5 nm.

A. Self-emission imaging

Figures 5(a)�5(d) show the SE images taken from t = 4
to 9 ns. The dashed-lines show the surface of the car-
bon target. Generally, the emission intensity is inter-
preted as thermal bremsstrahlung emission in optically
thin plasma, and it strongly depends on the electron
density[32]. Early in time at t = 4�5 ns [Figs. 5(a)
and 5(b)], two plasmas begin to interact on the mid-
plane, y = 0 mm. Two planar structures are formed
at y > 0 mm and y < 0 mm at t = 7 ns as shown in
Fig. 5(c). As the two plasmas with self-generated mag-
netic �elds expand, anti-parallel �eld structures would
be piled-up on the mid-plane[19, 26, 27, 29, 33], and the
stronger �eld decelerate the plasma expansion, forming
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FIG. 6. LTS spectra along k1 at (a) t = 5, (b) 7, and (c) 9
ns. (d), (e) The line-out plots at t = 7 ns at (d) p = −0.15
mm and (e) 0.25 mm. These spectra are �tted with Eq. (16)
and shown with solid lines. Theoretical functions with single
Maxwellian are shown with dotted (f1) and dashed (f2) lines.
The shaded areas are a�ected by a notch �lter or stray light.

these dense structures as shown with dashed-lines in the
enlarged �gure [Fig. 5(e)]. These dense structures begin
to merge at z ∼ 0 at t = 7 ns, and continue to merge
at z > 0 later in time forming a single planar structure
as shown in Fig. 5(g). This indicates the plasma stag-
nation due to the decrease in magnetic pressure on the
mid-plane.

B. LTS parallel to B

LTS spectra parallel to the k1 vector [see Fig. 4(c)]
measured in the direction of TS1 at t = 5, 7, and 9 ns
are shown in Figs. 6(a)�6(c), respectively. The observed
two peaks show the ion-feature, and the peak separa-
tion is proportional to the sound velocity ω/k ∼ cs ∼
[(ZTe + 3Ti)/mi]

1/2. The widths of the spectra decrease
from t = 5 ns to 9 ns, suggesting that the temperature
decreases in time. Small �uctuations in bulk-�ow ve-
locity are observed at t = 5 and 7 ns around p ∼ 0 mm
[dashed lines in Figs. 6(a) and 6(b)], and di�erent widths

FIG. 7. Ion velocity distributions with the parameters ob-
tained from the �tting of Figs. 6(d) and 6(e).

in left and right peaks are seen as well. This di�erence
is easily seen in the line-out plots shown in Figs. 6(d)
and 6(e), at p = −0.15 and 0.25 mm, respectively. The
light intensity around ∆λ ∼ 0 decreases by a notch �lter
as shown in the shaded areas. These spectra show di�er-
ent widths for the left and right peaks and this di�erence
can not be interpreted using Maxwellian distributions for
electrons and ions, but explained with non-Maxwellian
ion velocity distribution as explained in the section IIC.
Assuming the ion velocity distribution as a superposi-
tion of two Maxwellians, observed asymmetric features
can be expressed. Here, collisional-radiative model is as-
sumed and the average charge state Zi is evaluated as a
function of Te and ne, Zi = Zi(Te, ne), using FLYCHK
code[34]. The solid-lines are the best-�t results, and the
dotted and dashed lines are the spectra calculated from
Maxwellian ion velocity distributions. Here, we assume
that the plasma is in the collisionless regime for LTS mea-
surement, that is, the ion-ion mean free path for thermal
ions, λi, is much larger than 1/k, or kλi ≫ 1, where k is
the wave number of ion-acoustic wave[35]. For example,
λi ∼ 12π2ϵ20(kBTi)

2/
√
πZ4e4ni lnΛ = 4.3 µm[35] where

lnΛ ∼ 6.2 is the Coulomb logarithm, with the typical
parameters of Ti = 300 eV, Z = 4, and ni = 2.7 × 1018

cm−3, ne = 1.7×1019 cm−3, and k = k1 = k2 = 1.7×107

m−1, resulting in kλi ∼ 72, and the collisional e�ect is
small in the present experiment.

The corresponding velocity distributions are shown in
Figs. 7(a) and 7(b). The best-�t results (solid-lines)
show a non-Maxwellian distribution consisting of two ion
distributions with di�erent temperatures and drift veloc-
ities (dashed and dotted lines). When the ions drift in
the k1 direction at p = −0.15 mm [Fig. 6(d)], the ob-
served spectrum is explained with 0.13f1+0.87f2, where
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FIG. 8. (a) Ion density, (b) electron and ion temperatures,
and (c) �ow velocities obtained from the �tting of LTS spectra
at t = 7 ns. The plasma parameters obtained from a single
laser shot are also shown with circles. The velocity calculated
from the distance p and time t, v = p/

√
2t, is plotted as a

reference for free-streaming velocity.

f1 and f2 are Maxwellian distributions with temperatures
of 69±4 eV and 290±5 eV, respectively, and drift veloci-
ties of 14±1 km/s and 46±1 km/s, respectively. On the
other hand, ions drift in the −k1 direction at p = 0.25
mm, and expressed with 0.12f1 + 0.88f2, where f1 and
f2 are Maxwellian distributions with Ti = 72±11 eV and
vi = −23±2 km/s, and Ti = 300±12 eV and vi = −37±1
km/s, respectively.

The ion density, electron and ion temperatures, and
�ow velocity at t = 7 ns as a function of position p are
obtained from the �tting of the spectrum of Fig. 6(b)
and shown in Fig. 8. The observed spectrum at −0.4
mm < p < 0.4 mm are well �tted with two components
with low�density and low�temperature ions (inverted tri-
angles) and high�density and high-temperature ions (tri-
angles) shown in Figs. 8(a) and 8(b). The electron tem-
peratures [squares in Fig. 8(b)] are almost same as the

ion temperatures of the lower-temperature component.
In addition, the lower-temperature ions show slower �ow-
velocity and this �ow velocity is comparable to a free-
streaming velocity calculated as v = p/

√
2t as shown

with dashed line in Fig. 8(c). On the other hand, the ion
population with higher-velocity and higher-temperature
are observed as shown with triangles in Fig. 8(c). This
velocity shift from the free-streaming velocity (∆v ∼ 30
km/s) can be interpreted as an acceleration. These �g-
ures suggest that about 90% of the ions are thermalized
and accelerated in the ±k1 directions (or ±x directions)
which are consistent with the directions of out�ows from
a magnetic reconnection between the anti-parallel self-
generated Biermann battery �elds.
We also performed a laser shot with only a single beam

for plasma generation, and the ion density, temperatures,
and �ow velocity are shown with circles in Figs. 8(a)�
8(c), respectively. The �ow velocity in the case of single
laser shot is almost same as the free-streaming velocity
shown with dashed line in Fig. 8(c), and similar to slower
ion component (inverted triangles). Therefore, the slower
(lower temperature) ion component is considered as the
plasma directly expands from the laser-spot, while the
faster (higher temperature) plasma is interpreted as the
out�ow energized by a magnetic reconnection.

C. LTS perpendicular to B

Figures 9(a)�9(d) show LTS spectra along k2 (perpen-
dicular to the initial anti-parallel magnetic �eld B) at
t = 5, 6, 7, and 9 ns, respectively. Unlike the spectra
in the k1 direction (see Fig. 6), the spectra are almost
straight as a function of position p with constant width,
meaning no characteristic change in velocity nor temper-
ature.
Figures 10(a)�10(d) show the line-outs of the Figs.

9(a)�9(d) at p = −0.3 mm at t = 5, 6, 7, and 9 ns,
respectively. The right-peaks are stronger than the left-
peaks from t = 5 to 7 ns. However, the asymmetry is
getting weaker as time evolves, and at 9 ns, the double-
peak becomes almost symmetric. This asymmetry is of-
ten interpreted as the di�erent Landau damping on the
ion-acoustic waves in the ±k2 directions (section II B).
When the ions and electrons are in Maxwellian veloc-
ity distribution, this di�erence occurs with di�erent drift
velocities of electron and ion �ows. The solid lines show
the results of �tting assuming Maxwellian distributions
for both ions and electrons, resulting in Te ∼ 96, 77, 68,
and 45 eV, Ti ∼ 390, 310, 200, and 220 eV, vei ∼ 650,
430, 270, and 100 km/s, ne ∼ 2.1 × 1019, 1.3 × 1019,
9.9× 1018, and 1.3× 1019 cm−3, and therefore, the esti-
mated current density, jz = Zenivi − eneve ∼ 1.9× 1012,
9.2× 1011, 4.4× 1011, and 8.7× 1010 Am−2, respectively,
at t = 5, 6, 7, and 9 ns. Figure 11 shows the current
density, jz, as a function of position p at t = 5, 6, 7,
and 9 ns, where we assume both electrons and ions are
in Maxwellian. Although the spectra are a�ected by a
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FIG. 9. LTS spectra with k ⊥ B at (a) t = 5, (b) 6, (c) 7,
and (d) 9 ns.

notch �lter at ∆λ ∼ 0 and those at p > 0 could not be
analyzed, the current is detected in the region −0.5 mm
< p < 0 mm, suggesting that the anti-parallel �eld struc-
ture formation near y ∼ 0. jz ∼ 2× 1012 Am−2 at t = 5
ns is the largest, and it decreases and almost disappears
at t = 9 ns.

IV. DISCUSSION

As previously reported in many researches with laser-
produced plasmas[19, 26, 27, 29, 33], a stable magnetic
�eld structure with anti-parallel directions is formed be-
tween two laser-produced plasma plumes as shown in
Figs. 4(a), 4(d), and 12. In such a �eld structure, an
electron current would be generated in an electron dissi-
pation region (EDR) satisfying∫

S1

µ0jz · dS1 =

∫
S1

(∇×B) · dS1 =

∮
δS1

B · dl,(20)

where jz is the electron current and S1 is the cross section
of the current sheet. This current jz �ows perpendicular
to the plane on the anti-parallel magnetic �eld (+z or
+k2 direction in Figs. 4 and 12). Taking the thickness
of the current sheet as δe, the magnetic �eld strength Bin

in the upstream region is

Bin ∼ µ0

2
δejz. (21)

FIG. 10. LTS spectra at p = −0.3 mm with k ⊥ B at (a)
t = 5, (b) 6, (c) 7, and (d) 9 ns.

In general, the thickness of meandering charged par-
ticles is estimated as d ∼

√
rcλB , where rc is the Lar-

mor radius for the magnetic �eld of Bin, assuming the
magnetic �eld strength Bx(y) = −Biny/λB in a plasma
sheet[36]. Here, the magnetic �eld varies in λB which
is comparable to an ion di�usion region (IDR), δ, where
ions are unmagnetized and electrons are still magnetized.
This thickness δ (∼ λB) should be comparable to ion me-
andering thickness d, and therefore, d ∼ rci ∼ δ ∼ λB .
For electrons, the thickness of electron meandering or
that of electron current sheet is

δe ∼
√
rceλB ∼

√
rcerci. (22)

As shown in Figs. 10(a)�10(d), the electrons drift rel-
ative to ions from t = 5 to 9 ns in the k2 direction,
suggesting the electron current formation in the anti-
parallel magnetic �eld. Also this asymmetry decreases
at t = 9 ns, meaning the disappearance of this elec-
tron current. However, as explained in the section II B,
this asymmetric spectrum can be expressed not only by
Maxwellian electrons and ions with di�erent �ow veloci-
ties but also by non-Maxwellian electron velocity distri-
bution with di�erent Landau damping rates on the ion-
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FIG. 11. The current density calculated at t = 5, 6, 7, and
9 ns as a function of position p, assuming that electrons and
ions are in Maxwellian velocity distributions.

acoustic waves in the ±k2 directions, indicating that the
electron �ow velocity and current density are not con-
strained only from this asymmetric ion-feature. There-
fore, we estimate jz and Bin not from TS2 (k2 or z direc-
tion) but from TS1 (k1 or x direction) assuming that the
acceleration in the ±x directions are caused by magnetic
reconnection and the out�ow velocity is determined by
the Alfven velocity.
Here, considering the conservations of mass and energy

during a magnetic reconnection:

ρinLvin = ρoutδvout, (23)

(Sin +Kin +Hin) vinL

= (Sout +Kout +Hout) voutδ, (24)

where Sv = (B2/µ0)v is Poynting �ux, Kv = (ρv2/2)v
and Hv = (u + p)v are kinetic and enthalpy �uxes, re-
spectively, ρ = mini is the mass density, u = p/(γ− 1) is
the internal energy, p = nT , and L and δ represent the
length and width of the IDR shown in Fig. 12 with the
thickness of δ ∼ rci. As suggested in Figs. 8(b) and
8(c), the kinetic energy is Kout/ni ∼ miv

2
out/2 ∼ 60 eV

using the accelerated velocity of ∼ 30 km/s, while the
internal energy is uout/ni ∼ 300/(γ − 1) eV, indicating
uout ∼ 5Kout/(γ − 1). When the Poynting �ux and ki-
netic energy density �ux of the in�ow are converted to
the kinetic and enthalpy �uxes in the out�ow (assuming
Hin = Sout = 0), the energy equation becomes(

B2
in

µ0
+

ρinv
2
in

2

)
Lvin ∼ 6γ − 1

γ − 1
Koutδvout. (25)

By using Eq. (23) and assuming γ = 5/3,

vout ∼

√
2(γ − 1)

6γ − 1

√
B2

in

µ0ρin
+

v2in
2

∼ 0.38

√
v2A +

v2in
2
. (26)

FIG. 12. Structure of magnetic reconnection layer. Ions are
magnetized outside of the IDR (the region L×δ) and electrons
are still magnetized. Electron current is formed and magnetic
�eld di�uses in EDR (in the thickness of δe).

Here, vA is the Alfven velocity de�ned by Bin and ρin
in the upstream region. As observed in the SE image at
t = 7 ns [Fig. 5(c)], the in�ow plasmas stagnate near the
mid-plane, suggesting vin ∼ 0 and Kin ∼ 0. Therefore,
Eq. (26) becomes

vout ∼ 0.38vA. (27)

The acceleration of ion �ows observed at t = 7 ns shown
in Figs. 7 and 8(c) can be interpreted as the out�ows
accelerated by magnetic reconnection. Using vout = 30
km/s (vA = 78 km/s), ni ∼ 1.5 × 1018 cm−3 (half of
the measured ion density), Te ∼ 70 eV, Ti ∼ 100 eV,
and Z ∼ 5.6 for lower-temperature component (Fig. 8),
and Eqs. (21), (22), and (27), Bin ∼ 15 T, δe ∼ 11
µm, and jz ∼ 2.2 × 1012 Am−2. The current is roughly
consistent with other previous measurements with proton
radiography. For example, in the experiment at National
Ignition Facility (NIF)[37], path-integrated peak current
density was estimated as

∫
jzdl ∼ 1.6 × 108 Am−1 or

1.6×1011 Am−2 with a measured magnetic �eld of Bin ∼
5 T assuming the integrated length of 1 mm, averaged
in the thickness of 58 µm, which is comparable to the
present result, 2.2 × 1012 Am−2 in the electron current
sheet of 11 µm or ∼ 2.4 × 1011 Am−2 averaged in the
measurement region of ∼100 µm.
The magnetic �eld di�usion rate in the current sheet

or reconnection rate is the rate of the �eld �ux change in
the upstream region:

R =
1

vABin

∣∣∣∣dΦin

dt

∣∣∣∣ , (28)

where the rate is normalized by vABin, Φin is the mag-
netic �eld �ux in the upstream region Φin =

∫
Bxdy in

the xy-plane assuming ∂Bx/∂z = 0, and is roughly
Φin ∼ BinλB/2 assuming Bx(y) ∼ −Bin(y/λB) in the
plasma sheet, and Bin ∼ 15 T is estimated at t = 7 ns.
As the asymmetric spectra, suggesting the ion �ow ac-
celeration, appears at t = 5�7 ns (see Figs. 6 and 8)
and the current disappears at t = 9 ns (see Fig. 11).
Although λB and Bin change during the magnetic re-
connection and we have no magnetic �eld measurement
here, we assume λB ∼ rci ∼ 60 µm and total �ux, Φin
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disappears in ∆t ∼ 4 ns (5�9 ns). Therefore, the recon-
nection rate becomes R ∼ 0.096, which is comparable to
the universal reconnection rate of 0.1 for Hall magnetic
reconnection where the rate is determined only by local
plasma parameters[1, 38, 39]. However, the rate would be
precisely determined by measuring a spatial distribution
of Bin and λB by proton radiography technique[6, 27, 37]
in addition to multi-directional LTS measurements in fu-
ture experiments. Though Bin is estimated only at t = 7
ns in the present experiment, the time-evolution of the
rate would also be determined by measuring the time-
evolution of LTS spectra in both directions with better
time-resolution or with a streak camera instead of ICCD
camera.
For the estimation of plasma parameters in the k1 di-

rection, ∼87% of the ions are the high-temperature com-
ponent while only ∼13% are the low-temperature com-
ponent, i.e. ρhot/ρcold = 0.87/0.13 = 6.7, where ρhot and
ρcold are the densities of the high- and low-temperature
components, respectively. Here, the high-temperature
component is considered as the out�ow from magnetic
reconnection,

ρhot ∼ ρout, (29)

while the low-temperature component is the plasma com-
ing from the two laser-spots directly. However, as shown
in Fig. 8(a), the density of the low-temperature compo-
nent is smaller than that of the single �ow, i.e., ρcold <
ρsingle. In addition, ρin should be larger than ρsingle be-
cause of the deceleration of the in�ows as observed in SE
images, resulting in

ρin > ρsingle > ρcold = rρin (0 < r < 1). (30)

From the conservations of magnetic �eld �ux and mass,

ρout
ρin

=
vin
vout

L

δ
∼ R

L

δ
, (31)

where R = vin/vout = Bout/Bin is the reconnection rate
which is already estimated as R ∼ 0.1. The length L
is, generally, larger than δ, and we observed bidirectional
�ows separated by ∼400 µm along p-axis [see Fig. 8(b)]
indicating ∼300 µm along x-axis, and roughly L ∼ 300
µm, while δ ∼ 60 µm. Therefore, using Eqs. (29)�(31),
we get

ρhot
ρcold

=
ρout
rρin

∼ RL

rδ
∼ 0.5/r, (32)

and the observed ratio ρhot/ρcold = 6.7 is explained with
small ρcold relative to ρin or small r ∼ 0.075.
Here, the ion and electron Larmor radii are estimated

as rci ∼ 60 µm and rce ∼ 1.9 µm, respectively, at t = 7
ns, (using Ti = 100 eV, Te = 70 eV, Zi = 5.6, and B = 15
T) and both are smaller than typical system size ltyp ∼ 1
mm. In addition, the spatial resolution of the LTS is
roughly lLTS ∼ 100 µm [see LTS volume in Fig. 4(d)],
and rce ≪ rci ≲ lLTS ≪ ltyp, meaning that both elec-
trons and ions are magnetized in the ablation plasma, and

electrons are still magnetized in the LTS measurement
volume. As previously reported[6], the laser-produced
plasma has large Te (∼ 1 keV) and ne (∼ 1020–22 cm−3)
early in time around the laser-spot, and strong magnetic
�eld of B ∼ 100 T is formed via Biermann battery ef-
fect, resulting in large plasma beta, βe = 2µ0neTe/B

2 ∼
4�400. It becomes small, for example, at t ∼ 7 ns,
βe ∼ 1.3. The Lundquist number at t ∼ 7 ns is esti-
mated as S = LvA/DM ∼ 270, where L is the system
size of ∼1 mm, vA = Bin/

√
µ0ρin ∼ 78 km/s in the up-

stream region, DM = νei(c/ωpe)
2 ∼ 0.29 m2s−1 is the

magnetic di�usivity, and νei = 1.2×1011 s−1 is electron�
ion collision frequency[40] with ne ∼ 1.7×1019 cm−3 and
Te ∼ 70 eV. Previous numerical simulations[41�43] have
suggested that the current sheet becomes stochastic in
high Lundquist number such as S > 104 due to tearing
instability, but is in quasi-steady state in relatively small
S (< 104) which is in our experimental condition.
The spectra parallel to Bin (Fig. 6) show sharp peaks

suggesting ion-acoustic resonance. On the other hand,
the spectra perpendicular to Bin (Fig. 10) show weak res-
onance suggesting strong damping of ion-acoustic waves
with Ti > Te. These di�erence in spectra are explained
with non-equal temperature in two directions: Ti⊥ ̸= Ti∥
and/or Te⊥ ̸= Te∥, where ∥ and ⊥ represent the di-
rections relative to Bin, respectively. This anisotropy
in velocity distribution may come from Speiser orbits
and meandering motions around the di�usion region and
has been observed by Magnetospheric Multiscale Mission
(MMS) observation[44] and numerical simulations[45],
and can be further investigated in future experiment in
the method presented here.
In the present experiment, the Biermann battery �elds

are advected with expanding plasmas and the anti-
parallel �eld structure is formed in the x direction near
the plane y = 0 and the reconnection can occur anywhere
in the z-axis. As the SE imaging shows, two plasmas from
the top and bottom interact with each other at z ∼ 0,
while the anti-parallel �eld structure still exists at z ≳ 0
at t = 7 ns. This indicates that the magnetic pressure de-
creases at z ∼ 0 due to magnetic �eld di�usion in the cur-
rent sheet. The electron current is measured from t = 5
ns to 9 ns in the z direction, accompanied by the bipolar
ion �ows accelerated in the ±x directions at t = 5 and
7 ns. These measurements suggest that the anti-parallel
Biermann �elds reconnect in the electron current sheet
at (x, y, z) ∼ (0, 0, 0), accelerating the plasma as out�ows
during t ∼ 5�9 ns, and it ends at t ≳ 9 ns.

V. SUMMARY

We have measured the appearance and disappearance
of an electron current sheet as well as bidirectional ion
�ows, for the �rst time, in the magnetic reconnection be-
tween laser-produced magnetized plasmas. We have in-
vestigated magnetic reconnection and magnetic di�usion
region formed in a self-generated anti-parallel magnetic
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�eld by using optical diagnostics: two-directional laser
Thomson scattering and self-emission imaging. Thom-
son scattering spectra perpendicular to the magnetic �eld
show di�erent Landau damping e�ects on ion-acoustic
waves in the ±z directions, indicating the current sheet
formation. The spectra parallel to the magnetic �eld
show di�erent widths in two peaks, which are interpreted
as non-Maxwellian ion velocity distribution and two dif-
ferent components: cold and slow ions and hot and faster
ions. This acceleration along the magnetic �eld is ex-
plained as the out�ow from the magnetic reconnection.
Assuming that the additional velocity is comparable to
the Alfven velocity de�ned with the upstream plasma
parameters, the magnetic �eld in the upstream region is
Bin ∼ 15 T. The current density in the electron current
sheet jz ∼ 2.2 × 1012 Am−2 is nearly consistent with
that obtained from the spectra obtained in the perpen-
dicular direction: jz ∼ (0.4�1.9)×1012 Am−2, and is also
comparable to the estimation from proton radiography
of similar laser experiments. Combining two directional
data, the current is formed from t ∼ 5 to 9 ns accompa-
nied by bidirectional plasma �ows observed at t ∼ 7 ns
due to magnetic reconnection. The SE imaging shows the
stagnation of two plasmas showing two separated dense
regions. These structures interact and merge at t > 7 ns,
which can be interpreted as the magnetic pressure de-
crease due to magnetic reconnection. While the electron
current is detected here, both electron and ion velocity
distributions are needed to directly measure the current
sheet. These can be measured with non-collective LTS
for smaller density or shorter wavelength for the probe

laser, or the electron velocity distribution at the phase
velocity of electron plasma waves can be obtained from
the electron-feature of collective LTS in future experi-
ments. Also, multiple-direction LTS can reveal asym-
metric ion velocity distributions in x, y, and z direc-
tions resulting from Speiser orbits and meandering mo-
tions in the out�ow region, which has been analyzed and
discussed by using particle-in-cell simulations[45] and by
MMS observation[44].

The magnetic reconnection rate is estimated as R ∼
0.1 assuming spatial distribution of Bin(y) averaged in
5�9 ns. This reconnection rate can be estimated precisely
by using LTS presented here and by using magnetic �eld
measurement, for example, proton radiography simulta-
neously in future experiments.
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