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Detection of current-sheet and bipolar ion flows in a self-generated antiparallel
magnetic field of laser-produced plasmas for magnetic reconnection research
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Magnetic reconnection in laser-produced magnetized plasma is investigated by using optical diagnostics. The
magnetic field is generated via the Biermann battery effect, and the inversely directed magnetic field lines interact
with each other. It is shown by self-emission measurement that two colliding plasmas stagnate on a midplane,
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 field, indicating asymmetric ion velocity distribution and
plasma acceleration. In addition, the spectra perpendicular to the magnetic field show different peak intensity,
suggesting an electron current formation. These results are interpreted as magnetic field dissipation, reconnec-
tion, and outflow acceleration. Two-directional laser Thomson scattering is, as discussed here, a powerful tool
for the investigation of microphysics in the reconnection region.
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I. INTRODUCTION

Magnetic reconnection in collisionless plasma plays a key
role in global change of magnetic field topology and rapid
energy conversion from magnetic field to plasma thermal and
kinetic energies [1,2]. The reconnection physics includes both
microscopic magnetic-field dissipation in an electron scale,
and macroscopic field advection in surrounding plasmas.
This large-scale difference makes it difficult to understand
the whole story of magnetic reconnection. Laser-plasma ex-
periments can be a useful tool for investigating magnetic
reconnection, especially in high-8 condition. Strong mag-
netic field is, spontaneously, generated in a high-temperature
and high-speed expanding plasma via laser-solid interaction,
and an antiparallel field structure is easily formed by the
laser irradiation of two different spots [3—6]. However, local
measurements of plasma parameters and magnetic field are
difficult in such small-scale and fast-expanding plasmas and,
so far, there have been few discussions on current-sheet for-
mation, inflow and outflow parameters, plasma energization,
and reconnection rate.
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Recently, laser-produced plasmas have been precisely mea-
sured 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 velocity distribu-
tions. Typical plasma parameters such as temperature, density,
average charge state, and flow velocity can be obtained in
the case of Maxwellian velocity distribution. However, the
velocity distributions can be asymmetric in nonequilibrium
plasma, such as in a shock transition region, current sheet,
and magnetic reconnection region. Even when ions are in
non-Maxwellian distribution, the ion distribution function is
inferred considering the different damping effects on positive
and negative phase velocities, or blue- and redshifted reso-
nance peaks of the scattered spectrum.

In this paper, we report the measurement of appearance and
disappearance of an electron current sheet accompanied by
bidirectional ion outflows in the time evolution of magnetic
reconnection occurring between laser-produced magnetized
plasmas. The self-emission (SE) imaging shows the interac-
tion of two laser-produced plasmas. Two plasmas stagnate in
an antiparallel self-generated magnetic field and they connect
with each other later in time, suggesting a sudden decrease in
the magnetic pressure. The resonant peaks of the ion feature,
almost perpendicular to the self-generated magnetic field, B,

©2022 American Physical Society
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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 decreases later in time, which means symmetric
velocity distribution on both electrons and ions. This fact indi-
cates the disappearance of the electron current. The ion feature
parallel to B shows different widths on blue- and redshifted
peaks, indicating asymmetric ion velocity distribution or bidi-
rectional ion flows depending on the position. The appearance
and disappearance of the electron current and bipolar ion
flows are interpreted as the magnetic-field dissipation in the
current sheet, magnetic reconnection, and resultant outflow
jets.

In Sec. II, we briefly review the theory of LTS with
Maxwellian and non-Maxwellian electron and ion velocity
distributions. The experimental observation of asymmetric
ion features and the interpretations of these spectra with
non-Maxwellian velocity distributions are shown in Sec. III.
In addition, we discuss the existence of bipolar ion flows
and electron current in the antiparallel magnetic field in
Sec. IV, and we summarize the analysis and discussion in
Sec. V.

II. LASER THOMSON SCATTERING IN THE CASE
OF NON-MAXWELLIAN ELECTRON AND ION
DISTRIBUTIONS

A. LTS spectrum for Maxwellian velocity distribution

The LTS spectrum is expressed with the spectral density

function [10],
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where j is the ion species, k = k; — k; and w = w; — w; are
the wave number and frequency of the plasma wave, respec-
tively, k; and k, are the wave numbers of incident and scattered
light, respectively, w; and wy are the frequencies of incident
and scattered light, respectively, and € and y. are longitudinal
dielectric function and electron susceptibility, respectively,
shown below:
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Z; is the average charge state of ions, and f. and f;
are the electron and ion velocity distributions, respectively.
In the case of Maxwellian distribution, f is expressed

below:
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Here, vy is the flow velocity in the k direction, and vy, is the
thermal velocity of species:
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When both the ions and electrons are in a Maxwellian distri-
bution, S(k, w) becomes
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where & and &; are phase velocities normalized by the thermal
velocities shown below:

g = (w/k —vie)/vme and & = (w/k —vg)/vmj. (8)
Xe and x; become
Xe = kzl_,\gw(é:j) and xj= ﬁw(%), )
where
A = Vi o/ 0p, = 260Te /ne€?, (10)
A= g /on = 26T /nZ e, (11)

and w is the derivative of the plasma dispersion function. In
the case of single ion species, we have
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B. Maxwellian and non-Maxwellian electron
velocity distributions

When the electron flow drifts from ion flow keeping their
distributions Maxwellian, the LTS spectrum becomes asym-
metric due to different rates of electron and ion Landau
damping on the ion acoustic waves propagating in positive
and negative k directions (the left and right sides of the ion
feature). Figure 1(a) shows the ion features of LTS with dif-
ferent electron drift vee = 0 (solid line) and —0.02vy, . (dashed
line). The corresponding velocity distributions are shown in
Fig. 1(b) with solid and dashed lines, respectively. This asym-
metric LTS spectrum can also be obtained when the electron
velocity distribution is distorted and is no longer Maxwellian
as shown with the dot-dashed line in Fig. 1(b). Here, the
non-Maxwellian distribution is expressed with the summation
of two different Maxwellian distributions: f = 0.5(f] + f>)
with different temperatures and drift velocities, and the same
electron damping effects on the ion acoustic wave, indicating
the same derivative of the distribution function d f /dv near the
phase velocity of the ion acoustic wave.
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FIG. 1. (a) LTS spectra with two different electron drifts relative
to ions: v = 0, v = 0 (solid line) and —0.02vy, . (dashed line).
(b) The electron velocity distributions with the flow velocities ve. = 0
(solid line) and vge = —0.02vy, e (dashed line). A non-Maxwellian
electron velocity distribution (dot-dashed line) reproduces the same
spectrum of v = —0.02vy, . shown with dashed line in (a).

C. Non-Maxwellian ion velocity distribution

When the ion velocity distribution is not expressed as
Maxwellian, the ion susceptibility is not so simple, and an
ion feature is affected by different Landau damping on left
and right peaks depending on ion and electron velocity dis-
tributions, which has been experimentally observed [11,12]
and numerically calculated [13] for two streaming plasmas.
We assume that the non-Maxwellian ion distribution f; is the
sum of two different Maxwellian distributions with different
temperatures as follows:

fi=oafi+U—-a)fo, (14)

where « is the abundance ratio. The ion susceptibility x;
becomes

Xi =axip + (1 —a)xis, (15)

and the LTS spectrum S(k, w) is given by
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as shown in Fig. 2(a). We assume that electrons are in a
Maxwellian distribution, and that there is no effective cur-
rent: vene = aZnjvey + (1 — a)Zpnipve,. Note that the ion
feature shown in Fig. 2(a) does not strongly depend on the
electron flow velocity in 0 < |vg| < |vp,|. Figure 2(b) shows
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FIG. 2. (a) LTS spectra for non-Maxwellian ion velocity distribu-
tions of f = f| 4+ f>, where f| and f, are Maxwellian distributions
with different temperatures and drift velocities vgy, = 0, —0.5vy 4,
and —vy,; (shown with solid, dashed, and dotted lines, respectively).
The corresponding velocity distributions are shown in (b).

the ion velocity distributions with @ = 0.5, 7;; = 100 eV, and

Ti» = 300 eV,
1 (v— Uf1)2>
i1(v) = —=—ex (—— , (17)
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and the flow velocities of first and second flows: v¢; = 0 and
vi, # 0. Here, three velocity distributions with different v,
of 0, —0.5vy, i, and —vyy, ; 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 T;;, T, vf, and o, and this asymmetric effect on
each resonant peak allows us to infer rapid thermalization and
acceleration such as the interaction of counterstreaming plas-
mas [11,14-17], shockwave generation [18-21], and magnetic
reconnection [22-24].

D. Modified spectrum measured with gated detector

In the case of experimental measurement, the spectrum
is modified when the velocity changes in an exposure time
of a detector. This effect is sometimes important for pulsed
plasmas, for example, laser-produced plasmas, measured with
a gated detector such as an intensified charge coupled device
(ICCD) camera. The spectrum is modified by taking the aver-
age in vy £ Av/2 as

1 vi+Av/2
Savk, 0) = —

S(k, w)dvs. (19)
Ave Jy—av2
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FIG. 3. The ion features of the LTS spectra calculated with
Eq. (13) (solid line) and Eq. (19) (dashed line), with the measurement
times [(a) and (d)] # = 3 ns, [(b) and (e)] t = 6 ns, and [(c) and ()]
t =9 ns, the exposure time At = 3 ns, and measurement position
of [(a)—(c)] x = 1 mm and [(d)—(f)] x = 0.3 mm. The carbon plasma
is assumed with T, = T; = 100 eV, n. = 2 x 10"® cm=3, Z = 6, and
ve = x/t.

The flow velocity is typically expressed as vy = x/t, where
x is the distance and ¢ is the time after the laser irradiation,
and the flow velocity change in a gate width of At becomes
Avs ~ vsAt/t. This modification can be ignored with small
ve and/or Atr/t <« 1, but should be taken into account for
fitting the measured spectrum with large v and Ar/t 2 1.
Figures 3(a)-3(c) show the spectra of the ion features for
carbon plasma with . = 7; = 100 eV, n. = 2 x 10'® cm~3,
andZ = 6atx = 1l mmand att = 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 Ar = 3 ns which is comparable to the present ex-
periment shown later. The velocity-averaged spectra (dashed
lines) become close to the theoretical spectra (At = 0, solid
lines) later in time in both cases of the distance x = 1 and
0.3 mm. Even in the case of small Az/t with x = 1 mm,
for example, At/t = 1/2 [Fig. 3(b)] and 1/3 [Fig. 3(c)], the
spectra are modified. On the other hand, with x = 0.3 mm,
the modification is small as shown in Figs. 3(e) and 3(f). Our
spectral analyses in the following sections are done in the
time range t = 5-9 ns and in the distance —0.3 < x < 3 mm,
and this velocity-averaged effect in a limited gate width is
ignorable. Therefore, LTS spectra are fitted with the theo-
retical function without taking the average in velocity in the
following sections.

Biermann
battery fiel

Biermann
battery field

ey
@0 B 06 |
A

TS volume
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X
FIG. 4. (a) Schematic view of laser ablation, self-generated
(Biermann battery) magnetic field, and LTS measurement. (b) The
top view of the target showing the laser-produced plasma, probe
laser, and Thomson scattering (TS) and SE measurements. (c) Two

different TS measurement directions (k; and k). (d) The magnetic
field structure on the xy-plane.

III. EXPERIMENT

The experiment was performed with the Gekko-XII laser
system at the Institute of Laser Engineering, Osaka Uni-
versity. Two laser beams with average energy of 700 J in
1.3 ns at a wavelength of 1053 nm were focused in a di-
ameter of ~100 um and irradiated two individual carbon
planar foils with a 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). The strong magnetic field of B ~ 100 T is self-
generated due to the anisotropy of density and temperature
gradients formed around the laser spots (Biermann battery
effect [25], 0B/dt «« VT, x Vn.). As discussed later, laser-
produced plasma has large plasma B (B, = 2uon.T./B> >
1), indicating that the magnetic field is advected along with
freely expanding electron flux. B, becomes small later in
time, and B, < 1 when two plasmas interact at t ~ 5-7 ns.
Two antiparallel magnetic-field lines interact at x ~ O on the
midplane, y = 0, as the plasma plumes expand. A similar
experimental setup has recently been used for magnetic recon-
nection research with a high-power laser [3—6,26-28], and the
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current-sheet formation and magnetic reconnection have been
investigated with particle-in-cell simulations [29,30]. Another
laser (probe laser, neodymium-doped yttrium aluminum gar-
net) with energy of 330 mJ in 10 ns at a wavelength of 532 nm
focused at the origin (x,y,z) = (0,0, 0), and the Thomson
scattered 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 defined along the probe laser: (x,y,z) =
(p/ V2,0, —p/ ﬁ). LTS measures local plasma parameters
along the probe laser, and the spatial resolution is determined
by the focal spot, ;s ~ 100 um, 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 observing Rayleigh scattering from nitrogen gas filled in
the vacuum chamber. We used a high-wavelength-resolution
spectrometer with triple-grating systems [7,9,31] and the res-
olutions were 25 + 1 pm for TS1 and 20 & 1 pm for TS2,
and the dispersed light was detected with ICCD cameras with
gate widths of 3 ns. The top view of this geometry is also
illustrated in Fig. 4(b). These two diagnostics measure plasma
parameters in two different directions (ky and k) as shown
in Fig. 4(c). Plasma density structure was also imaged with
an ICCD camera with 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 ¢ =
4-9 ns. The dashed lines show the surface of the carbon
target. Generally, the emission intensity is interpreted as ther-
mal 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 midplane, y = 0 mm. Two planar struc-
tures are formed at y > 0 mm and y < O mm at 7 = 7 ns as
shown in Fig. 5(c). As the two plasmas with self-generated
magnetic fields expand, antiparallel field structures would be
piled up on the midplane [19,26,27,29,33], and the stronger
field decelerates the plasma expansion, forming these dense
structures as shown with dashed lines in the enlarged figure
[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 stagnation due to the decrease in magnetic pressure
on the midplane.

B. LTS parallel to B

LTS spectra parallel to the ky vector [see Fig. 4(c)] mea-
sured 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 separation is proportional to the
sound velocity: w/k ~ ¢; ~ [(ZT. + 3T;)/m;]'/2. The widths
of the spectra decrease from ¢t = 5 to 9 ns, suggesting that the
temperature decreases in time. Small fluctuations in bulk-flow
velocity are observed at t =5 and 7 ns around p ~ 0 mm
[dashed lines in Figs. 6(a) and 6(b)], and different widths
in left and right peaks are seen as well. This difference 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 inten-
sity around AX ~ 0 decreases by a notch filter as shown in

z [mm]

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

the shaded areas. These spectra show different widths for
the left and right peaks and this difference cannot be inter-
preted using Maxwellian distributions for electrons and ions,
but explained with non-Maxwellian ion velocity distribution
as explained in Sec. IIC. Assuming the ion velocity dis-
tribution as a superposition of two Maxwellians, observed
asymmetric features can be expressed. Here, a collisional-
radiative model is assumed and the average charge state Z; is
evaluated as a function of 7, and n., Z; = Zi(T., n.), using
the FLYCHK code [34]. The solid lines are the best-fit 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, A, is much larger than 1/k, or kA; > 1, where k is
the wave number of the ion acoustic wave [35]. For ex-
ample, A; ~ 12122 (ks T,)?//mZ%* niln A = 4.3 pm [35],
where In A ~ 6.2 is the Coulomb logarithm, with the typical
parameters of 7, = 300 eV, Z = 4,and n; = 2.7 x 10" cm ™3,
ne =1.7x 10 cm=3, andk = k; =k, = 1.7 x 10" m~, re-
sulting in kA; ~ 72, and the collisional effect is small in the
present experiment.
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FIG. 6. LTS spectra along kq at (a)t = 5, (b) 7, and (c) 9 ns. The
line-out plots at r = 7 ns at (d) p = —0.15 mm and (e) 0.25 mm.
These spectra are fitted with Eq. (16) and shown with solid lines.
Theoretical functions with single Maxwellian distribution are shown
with dotted (f;) and dashed (f>) lines. The shaded areas are affected
by a notch filter or stray light.

The corresponding velocity distributions are shown in
Figs. 7(a) and 7(b). The best-fit results (solid lines) show a
non-Maxwellian distribution consisting of two ion distribu-
tions with different temperatures and drift velocities (dashed
and dotted lines). When the ions drift in the k; direction
at p = —0.15 mm [Fig. 6(d)], the observed spectrum is ex-
plained with 0.13 f; 4 0.87 f>, where f) and f, are Maxwellian
distributions with temperatures of 69 =4 and 290 £ 5 eV,
respectively, and drift velocities of 14 + 1 and 46 £+ 1 km/s,
respectively. On the other hand, ions drift in the —k; direction
at p = 0.25 mm, and expressed with 0.12f] 4 0.88 f,, where
fi1 and f> are Maxwellian distributions with 7; = 72 £ 11 eV
and vy = —23+2 km/s, and 7, =300+ 12 eV and v; =
—37 £ 1 km/s, respectively.

The ion density, electron and ion temperatures, and flow
velocity at + = 7 ns as a function of position p are obtained
from the fitting of the spectrum of Fig. 6(b) and shown in
Fig. 8. The observed spectrum at —0.4 < p < 0.4 mm are
well fitted with two components with low-density and low-
temperature ions (inverted triangles) and high-density and
high-temperature ions (triangles) shown in Figs. 8(a) and 8(b).
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~ j
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FIG. 7. Ion velocity distributions with the parameters obtained
from the fitting of Figs. 6(d) and 6(e).

The electron temperatures [squares in Fig. 8(b)] are almost the
same as the ion temperatures of the lower-temperature com-
ponent. In addition, the lower-temperature ions show slower
flow velocity and this flow velocity is comparable to a free-
streaming velocity calculated as v = p/+/2¢ 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 (Av ~ 30 km/s) can be interpreted as
an acceleration. These figures suggest that about 90% of the
ions are thermalized and accelerated in the +k; directions (or
+x directions), which are consistent with the directions of out-
flows from a magnetic reconnection between the antiparallel
self-generated Biermann battery fields.

We also performed a laser shot with only a single beam
for plasma generation, and the ion density, temperatures, and
flow velocity are shown with circles in Figs. 8(a)-8(c), re-
spectively. The flow velocity in the case of a single laser
shot is almost the same as the free-streaming velocity shown
with a dashed line in Fig. 8(c), and similar to the 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 outflow en-
ergized by a magnetic reconnection.

C. LTS perpendicular to B

Figures 9(a)-9(d) show LTS spectra along k, (perpendic-
ular to the initial antiparallel magnetic field B) att =5, 6, 7,
and 9 ns, respectively. Unlike the spectra in the ky direction
(see Fig. 6), the spectra are almost straight as a function of
position p with constant width, meaning there is no character-
istic change in velocity or temperature.

Figures 10(a)-10(d) show the line-outs of Figs. 9(a)-9(d)
at p=—03 mm att =35, 6, 7, and 9 ns, respectively. The
right peaks are stronger than the left peaks from ¢ = 5 to 7 ns.
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FIG. 8. (a) Ion density, (b) electron and ion temperatures, and
(c) flow velocities obtained from the fitting of LTS spectra at r =
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 ¢, v = p/+/2t, is plotted as a reference for free-streaming
velocity.

However, the asymmetry is getting weaker as time evolves,
and at 9 ns, the double peak becomes almost symmetric.
This asymmetry is often interpreted as the different Landau
damping on the ion acoustic waves in the +k, directions
(Sec. II B). When the ions and electrons are in Maxwellian
velocity distribution, this difference occurs with different drift
velocities of electron and ion flows. The solid lines show the
results of fitting assuming Maxwellian distributions for both
ions and electrons, resulting in 7, ~ 96, 77, 68, and 45 eV,
T; ~ 390, 310, 200, and 220 eV, v ~ 650, 430, 270, and
100 km/s, ne ~ 2.1 x 10",1.3 x 10'°,9.9 x 10'®,and 1.3 x
10! cm3, and, therefore, the estimated current density, j, =
Zenjvi — engve ~ 1.9 x 102, 9.2 x 10", 4.4 x 10'!, and
8.7 x 10" Am™2, respectively, att = 5, 6, 7, and 9 ns. Fig-
ure 11 shows the current density, j,, as a function of position
patt=>5,6,7, and 9 ns, where we assume both electrons

E
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FIG. 9. LTS spectra with k L B at (a) t =5, (b) 6, (c) 7, and
(d) 9 ns.

and ions are in Maxwellian distribution. Although the spectra
are affected by a notch filter at AX ~ 0 and those at p > 0
could not be analyzed, the current is detected in the region
—0.5 < p < 0 mm, suggesting the antiparallel field structure
formation near y ~ 0. j. ~ 2 x 10'> Am~2 att = 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-field
structure with antiparallel directions is formed between two
laser-produced plasma plumes as shown in Figs. 4(a), 4(d),
and 12. In such a field structure, an electron current would be
generated in an electron dissipation region (EDR) satisfying

/ poj.-dSi= [ (V xB)-dS; =y§ B.dl, (20)
S S 88,

where j, is the electron current and S is the cross section of
the current sheet. This current j, flows perpendicular to the
plane on the antiparallel magnetic field (+z or +k, direction
in Figs. 4 and 12). Taking the thickness of the current sheet as
., the magnetic-field strength By, in the upstream region is

n
Bi, ~ 706er 21

In general, the thickness of meandering charged particles
is estimated as d ~ +/r.Ap, where r. is the Larmor radius
for the magnetic field of Bj,, assuming the magnetic-field
strength B, (y) = —Bi,y/Ap in a plasma sheet [36]. Here, the
magnetic field varies in Ag which is comparable to an ion

diffusion region (IDR), 8, where ions are unmagnetized and
electrons are still magnetized. This thickness 6 (~Ap) should
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FIG. 12. Structure of the magnetic reconnection layer. Ions are
magnetized outside of the IDR (the region L x §) and electrons
are still magnetized. Electron current is formed and magnetic field
diffuses in the EDR (in the thickness of §,).

be comparable to ion meandering thickness d, and, therefore,
d ~ r. ~ 6 ~ \g. For electrons, the thickness of electron me-
andering or that of the electron current sheet is

82 ~ rce)\B ~ A Feelci- (22)

As shown in Figs. 10(a)-10(d), the electrons drift relative
to ions from # = 5 to 9 ns in the k; direction, suggesting the
electron current formation in the antiparallel magnetic field.
Also this asymmetry decreases at ¢+ = 9 ns, meaning the dis-
appearance of this electron current. However, as explained in
Sec. II B, this asymmetric spectrum can be expressed not only
by Maxwellian electrons and ions with different flow veloci-
ties but also by non-Maxwellian electron velocity distribution
with different Landau damping rates on the ion acoustic waves
in the +k; directions, indicating that the electron flow velocity
and current density are not constrained only from this asym-
metric ion feature. Therefore, we estimate j, and Bj, not from
TS2 (k, or z direction) but from TS1 (ky or x direction), as-
suming that the acceleration in the -x directions is caused by
magnetic reconnection and the outflow velocity is determined
by the Alfvén velocity.

Here, considering the conservations of mass and energy
during a magnetic reconnection,

;OinLvin = pout8 Vout (23)

(Sin + Kin + Hin)vinL = (Sout + Kout + Hout)Voutd, (24)

where Sv = (BZ/,uO)v is Poynting flux, Kv = (pv2/2)v and
Hv = (u + p)v are kinetic and enthalpy fluxes, respectively,
p = min; is the mass density, u = p/(y — 1) is the internal
energy, p = nT, and L and § represent the length and width
of the IDR shown in Fig. 12 with the thickness of & ~ r;.
As suggested in Figs. 8(b) and 8(c), the kinetic energy is
Kout /1y ~ my vgm /2 ~ 60 eV using the accelerated velocity of
~30 km/s, while the internal energy is uqy/n; ~ 300/(y —
1) eV, indicating ugyr ~ SKout/(y — 1). When the Poynting
flux and kinetic energy density flux of the inflow are converted
to the kinetic and enthalpy fluxes in the outflow (assuming
Hi, = Sout = 0), the energy equation becomes

<ﬂ + pmvm>LUin ~ Y Koutdvoy. (25)
Ho 2 y—1
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By using Eq. (23) and assuming y = 5/3,
20y = 1) | B2 v2
v()llt ~ y— - + A
6y — 1 M0 Pin 2
v2
~0.38,/v] + j“ (26)

Here, v, is the Alfvén velocity defined by By, and py, in the
upstream region. As observed in the SE image at r = 7 ns
[Fig. 5(c)], the inflow plasmas stagnate near the midplane,
suggesting v, ~ 0 and Kj, ~ 0. Therefore, Eq. (26) becomes

Vout ~ 0.38v4. 27

The acceleration of ion flows observed at t = 7 ns shown in
Figs. 7 and 8(c) can be interpreted as the outflows acceler-
ated by magnetic reconnection. Using vy, = 30 km/s (v4 =
78 km/s), n; ~ 1.5 x 10" ¢cm™3 (half of the measured ion
density), 7. ~ 70 eV, T; ~ 100 eV, and Z ~ 5.6 for the lower-
temperature component (Fig. 8), and Eqgs. (21), (22), and (27),
Bin ~ 15T,8, ~ 11 um, and j, ~ 2.2 x 10'> Am~2. The cur-
rent is roughly consistent with other previous measurements
with proton radiography. For example, in the experiment at
the National Ignition Facility (NIF) [37], path-integrated peak
current density was estimated as [ j.dl ~ 1.6 x 105 Am™"
or 1.6 x 10" A m~? with a measured magnetic field of Bj, ~
5 T assuming the integrated length of 1 mm, averaged in the
thickness of 58 yum, which is comparable to the present result,
2.2 x 10'> Am~? in the electron current sheet of 11 ym or
~2.4 x 10" Am~2 averaged in the measurement region of
~100 pum. The magnetic-field diffusion rate in the current
sheet or reconnection rate is the rate of the field flux change
in the upstream region:

1

vaABin

dq)in
dt

; (28)

where the rate is normalized by vsBj,, ®j, is the magnetic-
field flux in the upstream region ®;, = [ B,dy in the xy plane
assuming dB,/dz = 0, and is roughly ®;, ~ Bij;Ap/2 assum-
ing B,(y) ~ —Bin(y/Ap) in the plasma sheet, and Bj, ~ 15 T
is estimated at + = 7 ns. The asymmetric spectra, suggesting
the ion flow acceleration, appears at t = 5-7 ns (see Figs. 6
and 8) and the current disappears at ¢t = 9 ns (see Fig. 11).
Although Ap and Bj, change during the magnetic reconnec-
tion and we have no magnetic field measurement here, we
assume Ap ~ r¢ ~ 60 um and total flux, ®y,, disappears in
At ~ 4 ns (5-9 ns). Therefore, the reconnection 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]. How-
ever, the rate would be precisely determined by measuring
a spatial distribution of Bj, and Ap by proton radiography
technique [6,27,37] in addition to multidirectional LTS mea-
surements in future experiments. Though Bj, 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 ky direc-
tion, ~87% of the ions are the high-temperature component
while only ~13% are the low-temperature component, i.e.,
Phot/ Peold = 0.87/0.13 = 6.7, where pnor and peoq are the
densities of the high- and low-temperature components,
respectively. Here, the high-temperature component is consid-
ered as the outflow from magnetic reconnection,

Phot ™ Pout s (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 component
is smaller than that of the single flow, i.e., Pcold < Psingle-
In addition, pj, should be larger than pgpnee because of the
deceleration of the inflows as observed in SE images, resulting
in

Pin = Psingle = LPcold = ¥ Pin (O <r< 1) (30)

From the conservations of magnetic-field flux and mass,

u in L L
Pout _ Vin S RE. 31)
Pin Vout ) )

where R = vj/Vout = Bout/Bin 1S the reconnection rate which
is already estimated as R ~ 0.1. The length L is, generally,
larger than §, and we observed bidirectional flows separated
by ~400 pum along the p axis [see Fig. 8(b)] indicating
~300 pum along the x axis, and roughly L ~ 300 pwm, while
8 ~ 60 um. Therefore, using Eqgs. (29)-(31), we get

(8] oul RL
Phow _ Pow = 0.5/, (32)

Pcold B 7 Pin ré

and the observed ratio pnot/peold = 6.7 is explained with small
Peold Telative to p;, or small r ~ 0.075.

Here, the ion and electron Larmor radii are estimated as
Fei ~ 60 um and ree ~ 1.9 um, respectively, at t = 7 ns (us-
ing T=100¢eV, T. =70 eV, Z; = 5.6, and B= 15 T) and
both are smaller than the typical system size [y, ~ 1 mm.
In addition, the spatial resolution of the LTS is roughly
Iirs ~ 100 um [see LTS volume in Fig. 4(d)], and r.. <
rei S lirs < lyp, meaning that both electrons 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 T, (~1
keV) and n. (~102>2cm—3) early in time around the laser
spot, and strong magnetic field of B ~ 100 T is formed
via the Biermann battery effect, resulting in large plasma
B, Be = 2uon.T: /B2 ~ 4-400. It becomes small, for example,
at t ~7 ns, B, ~ 1.3. The Lundquist number at r ~ 7 ns
is estimated as S = Lvs /Dy ~ 270, where L is the system
size of ~1 mm, vy = Bin//I0Pin ~ 78 km/s in the upstream
region, Dy = vei(c/wpe)* ~ 0.29 m?s~! is the magnetic dif-
fusivity, and v,; = 1.2 x 10" s! is electron-ion collision
frequency [40] with n, ~ 1.7 x 10 cm™3 and T, ~ 70 eV.
Previous numerical simulations [41-43] have suggested that
the current sheet becomes stochastic at high Lundquist num-
ber such as S > 10* due to tearing instability, but is in
quasisteady state in relatively small S (< 10*) which is in our
experimental condition.
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The spectra parallel to Bj, (Fig. 6) show sharp peaks
suggesting ion acoustic resonance. On the other hand, the
spectra perpendicular to Bj, (Fig. 10) show weak resonance
suggesting strong damping of ion acoustic waves with 7; >
T.. These differences in spectra are explained with nonequal
temperature in two directions, 7;; # T;; and/or To, # T,
where || and L represent the directions relative to Bj,, respec-
tively. This anisotropy in velocity distribution may come from
Speiser orbits and meandering motions around the diffusion
region and has been observed by the Magnetospheric Mul-
tiscale Mission (MMS) [44] and numerical simulations [45],
and can be further investigated in future experiments in the
method presented here.

In the present experiment, the Biermann battery fields are
advected with expanding plasmas and the antiparallel field
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 antiparallel field structure
still exists at z > 0 at¢ = 7 ns. This indicates that the magnetic
pressure decreases at z ~ 0 due to magnetic-field diffusion in
the current sheet. The electron current is measured from¢ = 5
to 9 ns in the z direction, accompanied by the bipolar ion
flows accelerated in the +x directions at# = 5 and 7 ns. These
measurements suggest that the antiparallel Biermann fields
reconnect in the electron current sheet at (x, y, z) ~ (0, 0, 0),
accelerating the plasma as outflows during # ~ 5-9 ns, and it
ends atr > 9 ns.

V. SUMMARY

We have measured the appearance and disappearance of an
electron current sheet as well as bidirectional ion flows in the
magnetic reconnection between laser-produced magnetized
plasmas. We have investigated the magnetic reconnection
and magnetic diffusion region formed in a self-generated
antiparallel magnetic field by using optical diagnostics:
Two-directional laser Thomson scattering and self-emission
imaging. Thomson scattering spectra perpendicular to the
magnetic field show different Landau damping effects on ion
acoustic waves in the £z directions, indicating the current-
sheet formation. The spectra parallel to the magnetic field
show different widths in two peaks, which are interpreted as
non-Maxwellian ion velocity distribution and two different
components: Cold and slow ions and hot and faster ions.
This acceleration along the magnetic field is explained as
the outflow from the magnetic reconnection. Assuming that
the additional velocity is comparable to the Alfvén velocity

defined with the upstream plasma parameters, the magnetic
field in the upstream region is Bj, ~ 15 T. The current density
in the electron current sheet, j, ~ 2.2 x 10'> Am™2, is nearly
consistent with that obtained from the spectra obtained in the
perpendicular direction, j, ~ (0.4-1.9)x 10'2 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 ¢ ~ 5 to 9 ns accompanied by bidi-
rectional plasma flows observed at ¢ ~ 7 ns due to magnetic
reconnection. The SE imaging shows the stagnation of two
plasmas showing two separated dense regions. These struc-
tures interact and merge at ¢ > 7 ns, which can be interpreted
as the magnetic pressure decrease due to magnetic reconnec-
tion. 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 noncollective
LTS for smaller density or shorter wavelength for the probe
laser, or the electron velocity distribution at the phase ve-
locity of electron plasma waves can be obtained from the
electron feature of collective LTS in future experiments. Also,
multiple-direction LTS can reveal asymmetric ion velocity
distributions in x, y, and z directions resulting from Speiser
orbits and meandering motions in the outflow region, which
has been analyzed and discussed by using particle-in-cell sim-
ulations [45] and by MMS observation [44].

The magnetic reconnection rate is estimated as R ~ 0.1
assuming a spatial distribution of Bj,(y) averaged in 5-9 ns.
This reconnection rate can be estimated precisely by using
LTS presented here and by using magnetic field measurement,
for example, proton radiography, simultaneously in future ex-
periments.
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