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Abstract. Magnetic reconnection, a fundamental process driving energy release
across laboratory, space, and astrophysical plasmas, efficiently converts magnetic field
energy into plasma kinetic and thermal energy. Here, we present the simultaneous,
direct observation of plasma outflow acceleration across different spatial scales in laser-
produced plasmas: the near-field (local acceleration) and the far-field (the resulting
plasma jet). Local plasma flow near the X-point is measured using the Doppler shift of
Thomson scattering spectra. The resultant high-speed plasma jet emanating from the
reconnection region is subsequently detected by an ion collector with a Faraday cup.
The near- and far-field velocity measurements exhibit a similar tendency across three
different initial plasma conditions. This simultaneous diagnostic approach provides a
powerful tool for the detailed experimental investigation and validation of magnetic
reconnection physics.
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1. Introduction

Magnetic reconnection [1,2] is ubiquitous in various plasma environments, such as
astrophysical, space, and laboratory plasmas, where it converts magnetic field energy
into plasma kinetic and thermal energy. However, several unsolved problems remain
regarding reconnection physics, including the reconnection rate, the partition of energy
conversion between ions and electrons (and between thermal and kinetic energies), and
non-thermal particle acceleration.

Recently, magnetic reconnection has been investigated using high-power lasers.
Laser-produced plasma is readily magnetized due to the Biermann battery effect
[3], making it possible to form an anti-parallel magnetic field configuration. The
magnetic field structure during the reconnection process has been visualized by proton
radiography, while plasma parameters have been inferred using laser Thomson scattering
[4]. Proton radiography reveals the magnetic field structure, including current-sheet
formation and the time-evolution of the reconnection field [5-7]. Laser Thomson
scattering spectra, on the other hand, reveal plasma parameters before and after the
reconnection, such as electron and ion acceleration, and current-sheet formation [8-11].
However, reconnection involves kinetic effects on the electron scale (where ions are
unmagnetized) and resultant field topology changes on the global magnetohydrodynamic
(MHD) scale. Consequently, it can be challenging to identify reconnection properties
solely from local measurements or the magnetic field structure, making it difficult to
fully understand the entire process, including the determination of the reconnection rate
and the energy conversion process.

To address this challenge, we perform simultaneous near- and far-field
measurements of a plasma jet accelerated via magnetic reconnection using a high-power
laser system. The acceleration of plasma near the reconnection site is investigated
using the laser Thomson scattering method. The plasma is then extracted from
the reconnection region as an outflow plasma jet, which is measured with an ion
collector near the chamber wall, far from the reconnection site. The plasma plumes
decelerate during their interaction, but can be subsequently accelerated due to magnetic
reconnection. This plasma jet arrives at the detector as a slower ion component. This
simultaneous near- and far-field measurement approach offers the potential to reveal the
dynamics of plasma outflow jet formation during the reconnection process.

2. Experimental method

The experiment was performed using the high-power Gekko XII laser system at Osaka
University. As shown in Fig. 1(a), two carbon foils were irradiated by two high-energy
laser beams (energy of ~700 J per beam in 1.3 ns at a wavelength of 1053 nm) to
generate two plasma plumes. Generally, the ablation plasma is magnetized via the
Biermann battery effect, which is attributed to anisotropic, large gradients of electron
temperature and density [3]. The two laser spots were separated by 1, 1.5, or 2 mm
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Figure 1. (a) Experimental layout of the interaction between two plasma

Carbon foil

plumes. Another low-energy laser (probe laser) is incident for Thomson scattering
measurement. (b) Magnetic field structure in the mid-plane. (c) The vector relation of
the wavenumber of incident and scattered light, and of the ion-acoustic wave excited
in the plasma.

in different laser shots to investigate the dependence on initial plasma parameters. An
anti-parallel magnetic field structure was formed between the two plumes, as illustrated
in Fig. 1(b). The plasmas, carrying anti-directional magnetic fields, approach from the
top and bottom. As the magnetic fields in the upper and lower regions reconnect, the
reconnected field expands sideways, accelerating the plasma as an outflow.

The reconnection region in the mid-plane is diagnosed using the laser Thomson
scattering method. This utilized a separate probe laser (Nd:YAG) with a wavelength of
532 nm, focused at the center of the two laser spots to a focal diameter of approximately
100 pm. Figure 1(c) illustrates the vector relation of the wavenumbers: k; for the
incident probe laser, kg for the scattered light, and k for the ion-acoustic wave excited
in the plasma.

The outflow emanating from the reconnection region was detected using an ion
collector positioned near the vacuum chamber wall. It was located 647 mm from the
center, a distance significantly larger than both the reconnection region (~100 pm)
and the typical plasma scale (a few mm). As detailed in Fig. 1(d), the ion collector
consists of a pinhole (2 mm diameter) serving as the plasma entrance and a Faraday cup
to collect the ions. The cup was negatively biased (specifically, —100 V) to repel the
electrons. The Faraday cup was connected to the ground via a 50 €2 resistor and a 50 €2
coaxial cable, and the voltage across the resistor was measured with an oscilloscope.

3. Results and discussion

Figures 2(a), 2(d), and 2(g) show the spectra of Thomson scattered light along the probe
laser axis for laser-spot separations of 1, 1.5, and 2 mm, recorded at times of 6, 12, and
15 ns, respectively. The horizontal axis displays the wavelength and the vertical axis, p,
shows the position along the probe laser. The scattered light at the probe wavelength,
A = X\p = 532 nm, is blocked by a notch filter in the spectrometer to avoid strong stray
light. The two visible peaks represent the ion-acoustic resonance. The deviation of
the center of these two peaks from )\ indicates a Doppler shift caused by the plasma
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Figure 2. Ion-acoustic resonance measured by using Laser Thomson scattering
method with different laser-spot separations of (a) 1 mm, (d) 1.5 mm, and (g) 2
mm. The vertical axis shows the distance along the probe laser. The spectra for two
different positions before and after large Doppler shift are shown for (b,c) 1 mm, (e,f)
1.5 mm, and (h,i) 2 mm beam separations.

flow velocity. A sudden change in the Doppler shift is observed at certain positions,
specifically at 0 mm in Fig. 2(a), 1 mm in Fig. 2(d), and 0 mm in Fig. 2(g). Line-out
spectra detailing the regions before and after this velocity change are presented for the
three different laser spot separations in Figs. 2(b) and 2(c); Figs. 2(e) and 2(f); and
Figs. 2(h) and 2(i). In these line-out plots, the horizontal axis represents the wavelength
difference, AX = X — .

The red lines represent the fitted spectra using the theoretical spectral density
function: S(k,w) = 2n/k [|1 — Xe/€I fo (w/k) + Zi |xe/ €| fi (w/k)} [4], where the
subscripts e and i denote electron and ion, respectively. Here, k = ks—ky and w = ws—wy
are the wavenumber and frequency of the plasma wave, kg and kg are the wavenumbers
of the incident and scattered light, wy and ws are their corresponding frequencies, and €
and Y, are the longitudinal dielectric function and electron susceptibility, respectively.
The flow velocities estimated from the fitting are v, = —56.7 + 3.8 and 124 + 1.5
km/s at p = 0.8 and —0.3 mm for Figs. 2(b) and 2(c), respectively, 1.4 + 0.7 and
113 £ 3 km/s at p = —0.35 and —2 mm for Figs. 2(e) and 2(f), respectively, and
—36.7 £ 0.9 and 26.2 £ 1.0 km/s at p = 0.7 and —0.7 mm for Figs. 2(h) and 2(i),
respectively. The velocity jump observed between the interaction region and the outflow
region is interpreted as the acceleration driven by magnetic reconnection as previously
discussed in similar experimental configuration [10]. The calculated velocity increases
and corresponding kinetic energy gains are: 69 =4 km/s (298 4+ 35 eV), 112 + 3 km/s
(785 +42 eV), and 63+ 1 km/s (249 =8 eV) for the 1, 1.5, and 2 mm spot separations,
respectively

Figures 3(a)-3(c) show the ion current densities detected by the Faraday cup (Fig.
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Figure 3. Ion current density measured with an ion collector for (a) 1 mm, (b) 1.5
mm, and (c) 2 mm beam spot separations. Ion velocity distribution estimated for each
spot separations are shown for (d)—(f).

1(d)) for the 1, 1.5, and 2 mm spot separations. The purple solid line represents the
current density from a single-laser beam ablation, while the other colored solid lines
show the results from two-beam shots under the same target and laser conditions.
Two distinct ion components are visible: an early component arriving around ~1 us
and a later component arriving around ~2-4 ps. The energy distribution, dN/dE;, is
calculated for the three conditions and presented in Figs. 3(d)-3(f). The number of ions
per solid angle, N, is determined from the current density, j, as dN/dt = j/(Z;eAQ),
where e is the elementary charge, Z; = 6 is assumed for fully ionized carbon ions, and
A is the solid angle of the entrance pinhole. The ion kinetic energy is E; = myv?/2,
derived from the time-of-flight velocity v; = L/t, where L = 647 mm is the distance to
the Faraday cup.

When the two plasma plumes interact, the magnetic field is compressed, leading to
a deceleration of the plume expansion. Following reconnection, the plasma is accelerated
by the reconnected field in the +x-directions. This suggests that the outflow, despite
being accelerated, may arrive at the detector later in time. The gray dashed line
indicates the baseline noise. Comparing the noise and single-beam signals reveals
distinct low-energy and high-energy components. The high-energy component (¢t < 1.7
us in Figs. 3(a)-3(c), or E; > 9 keV in Figs. 3(d)-3(f)) is present in both single- and
double-beam shots, confirming it is the high-speed expanding laser-produced plasma.
The low-energy component (t > 5 us or E; < 1 keV) is significantly slower and is
interpreted as plasma originating from solid materials ablated by strong plasma radiation
or collisions with the high-energy plasma.

Crucially, for the 1.5 mm separation (Fig. 3(b)), a third ion component emerges
around ~2 pus, corresponding to an energy of ~7 keV (within the 1-9 keV range) in
Fig. 3(e). This component is observed only in the double-beam irradiation shots,
strongly linking it to the interaction between the two plasma plumes. Furthermore, this
middle-energy component for the 1.5 mm separation is faster than the corresponding
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components for the 1 mm and 2 mm separations (observed at ¢ ~ 2.5 us in Figs. 3(a)
and 3(c)). This suggests more efficient acceleration occurs at the 1.5 mm separation.
This finding is consistent with the Thomson scattering data, which showed the largest
Doppler effect and a plasma energization of 785 eV for the 1.5 mm separation, compared
to smaller energizations of 298 eV and 249 eV for the 1 mm and 2 mm separations,
respectively.

In summary, we conducted a laboratory experiment to investigate laser-driven
magnetic reconnection using self-generated magnetic fields. Plasma acceleration
via magnetic reconnection was studied using two complementary diagnostics: laser
Thomson scattering for the near-field (local acceleration) and an ion collector for the far-
field outflow measurement. The Thomson scattering spectra confirm plasma acceleration
within the reconnection region, while the ion collector detects the resulting ion energy
distribution far downstream. Both diagnostics demonstrate plasma acceleration, with
the outflow being most efficiently accelerated at the 1.5 mm beam separation. While the
precise reason for this optimal condition is currently unclear, acceleration is known to
depend on initial plasma parameters and magnetic field strength. Future experiments
will further investigate this dependence using multi-point and multi-directional laser
Thomson scattering, along with multiple ion collectors positioned at various angles.
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