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Magnetic reconnection is an important rapid energy release mechanism in astrophysics. Magnetic energy can be effectively converted into plasma kinetic energy, thermal energy, and radiation energy. This study is based on the magnetohydrodynamics simulation method and utilizes the FLASH code to investigate the laser-driven magnetic reconnection physical process of the Helmholtz capacitor-coil target. The simulation model incorporates the laser driving effect, and the external magnetic field consistent with the Helmholtz capacitor-coil target is written in. This approach achieves a magnetic reconnection process that is more consistent with the experiment. By changing the resistivity, subtle differences in energy conversion during the evolution of magnetic reconnection are observed. Under conditions of low resistivity, there is a more pronounced increase in the thermal energy of ions compared to other energy components. In simulations with high resistivity, the increase in electrons thermal energy is more prominent. The simulation gives the evolution trajectory of magnetic reconnection, which is in good agreement with the experimental results. This has important reference value for experimental research on the low-β magnetic reconnection.
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1 INTRODUCTION
Magnetic reconnection is an important process in astrophysics [1]. The rapid increase of plasma energy can be achieved through the dissipation of magnetic energy. This phenomenon finds extensive application in elucidating solar flares, coronal mass ejections, geomagnetic storms, and other solar-terrestrial space phenomena [2–4]. Extensive magnetic reconnection data has been acquired through observations by the Magnetospheric Multiscale spacecraft [5–7]. Magnetic reconnection has also been used to explain the high-energy-density astrophysical systems, such as gamma-ray bursts [8, 9], black hole accretion disks [10, 11], and pulsar [12]. Magnetic reconnection increases electron heat energy in the inertial confinement fusion experiment and destroys the uniformity of fusion materials, which has always been an important issue [13, 14]. In recent years, laboratory research on magnetic reconnection has made a lot of progress, complementing astronomical observational research. High-power laser devices reproduced the loop-top X-ray source [15], affirming the pivotal role of magnetic reconnection in solar-terrestrial space phenomena. In the magnetic reconnection experiment (MRX), the length of the current sheet was given as a few ion skin depth [16] and the experiments indicated that magnetic reconnection mechanisms were divided into forced magnetic reconnection and pulled magnetic reconnection [17]. In the experiment of Pei et al. [18], it was the first time to use the Helmholtz capacitor-coil target to reproduce the low-β magnetic reconnection process on a traditional laser device. This kind of target was used to further study the particle acceleration by the magnetic reconnection in many experiments. Shu et al. [19] pointed that the ion acoustic and electron acoustic bursts can lead to electron heating and bulk acceleration. Abraham et al. [20] reported the out-of-plane reconnection electric field had the direct capability to accelerate electrons.
The capacitor-coil target can effectively generate strong magnetic fields in laser-driven experiments. It consists of two parallel upper and lower target disks that connected by a coil. Featuring an upper target disk with a laser injection hole, the lasers are precisely focused onto the lower target disk through this aperture. The lower target disk is ablated by the laser and generates a substantial population of electrons. Due to their light mass, these electrons can reach the upper target disk faster than the ions, leading to a potential difference between the upper and lower target disks. The potential difference drives the electrons back to the lower target disk along the connecting coil, initiating a current and inducing the magnetic field. The intensity of the induced magnetic field will gradually increase with the laser injection process, reaching the strongest at the end of the laser pulse [21]. In 1986, Daido et al. [22] employed a B-dot probe to measure the magnetic field of the capacitive-coil target. The laser power was approximately 1.3 × [image: image] W [image: image], and the experiment confirmed that the magnetic field intensity up to 60T. This result has been confirmed many times in subsequent studies [23, 24], and Proton deflectometry can obtain two-dimensional magnetic field structure [25–27]. In 2013, Fujioka et al. [28] repeated this experiment on the high-power laser GEKKO-XII and employed the Faraday effect to measure the magnetic field. The obtained magnetic field intensity could reach approximately 1.5 kT. The presence of a smaller reverse magnetic field area between the double coils of the Helmholtz capacitive-coil target was attributed to the consistent direction of the current. This configuration aligns with the typical topological features was observed in magnetic reconnection. Yuan et al. [29] used the Helmholtz capacitive-coil target to produce a parallel reverse magnetic field structure, exhibiting a strength of approximately 38.5T. They successfully replicated the magnetic reconnection process on the XG-III laser. However, among the many current experiments, the systematic and comprehensive magnetohydrodynamic simulation for these experiments are scarce. Recently, Xu et al. [30] used magnetohydrodynamic simulation to confirm that the accumulated of the experimental plasma comes from magnetic reconnection.
In recent years, there are many simulation methods of magnetic reconnection. Egedal et al. [31] obtain the important role of parallel electric field in particle acceleration by using kinetic simulation method. Fox et al. [32] used PIC simulation and found that the fermi acceleration process plays an important part in reconnection acceleration. These simulations revolve around the magnetic reconnection process, and we want to simulate the whole experimental process. PIC simulation can introduce laser parameters, but the computing power is limited to the picosecond level. In order to introduce lasers in nanosecond level, we will utilize the FLASH radiation magnetohydrodynamic code to simulate the magnetic reconnection experiment on three-dimension. The energy conversion of magnetic reconnection is very complex, and the whole process is mixed with many factors such as the electric field, waves, and turbulence. The most fundamental reason is the issue of resistivity. The magnetic diffusion term introduced by resistivity is the key to whether magnetic reconnection can occur. Observational data indicate the existence of anomalous resistivity in astronomical environments [33–35], but the origin of the anomalous resistivity still require extensive research. Different resistivity values were applied in the simulation to confirm the impact of resistivity on the occurrence rate of magnetic reconnection and the energy distribution following magnetic energy conversion. The structure of this paper is delineated as follows. Section 2 introduces the simulation setup, Section 3 displays and analyzes the simulation results, and Section 4 provides the conclusion.
2 THE SIMULATION SETUP
This investigation uses the FLASH simulation code to simulate and study the laser-driven Helmholtz capacitor-coil target magnetic reconnection experiment. FLASH, a radiation magnetohydrodynamics simulation code, was developed by the University of Chicago [36]. It possesses the capability to track the motion patterns of plasma by solving the magnetohydrodynamics equations. The dimensionless magnetohydrodynamics equations are as Eqs 1–6:
[image: image]
[image: image]
[image: image]
[image: image]
Where,
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In the expression, ρ represents the density, [image: image] represents the velocity, p represents the thermal pressure, T represents the temperature, [image: image] represents the magnetic field strength, E represents the total specific energy, ϵ represents the specific internal energy, and [image: image] represents the resistivity. The FLASH code is a single-fluid simulation, therefore the capacity to replicate the coil current generation process and the naturally induced magnetic field structure. In our simulation, we wrote a magnetic field module to realize the simulation study of magnetic reconnection. The initial structure of the written magnetic field is consistent with the Radia static magnetic field simulation [37], ensuring the correctness.
The FLASH code contains the laser Energy deposition unit, which allow adding the laser parameters to the simulation. Compared with the general hydrodynamics simulation, it can better reproduce the real situation in the experiment. The FLASH code contains magnetic field modules such as Biermann magnetic field and Hall magnetic field. The special magnetic field structure can be written as the initial condition in the Simulation_initBlock.F90 file. However, the magnetic field written in this way cannot be reused or adjusted in the subsequent plasma evolution process. The magnetic field intensity generated by the target will increase with the injection of the laser and reach the maximum strength at the end of the laser. Consequently, it is imperative to ensure that the simulated magnetic field intensity at the conclusion of the laser pulse is indeed at its maximum value. We add an additional code module to write the magnetic field within the main program file hy_uhd_unsplit.F90 of FLASH. To avoid the writing of an external magnetic field from interfering with other modules of the main program, the magnetic field is added following the writing method of the Biermann magnetic field module that treated as a source item. The magnetic field is written using the magnetic vector potential method, defined as [image: image] = ∇×A, which satisfies ∇∙[image: image] = 0. This method effectively maintains the divergence of the simulated grid magnetic field at zero, ensuring the accuracy of the magnetohydrodynamics simulations.
The target parameters and laser parameters in the simulation are established based on the experiment of Yuan et al. [29]. The simulation is written in a cartesian coordinate system. The simulation range in the x, y, and z directions is (−2200, 2200) × (−1500, 5500) × (−500, 500) μm. The number of simulation grids is 160 × 256 × 64. The outflow boundary conditions are employed. The magnetic field is introduced into the simulation at approximately 1.0 ns. The magnetic field intensity added inside the coil area ranges from ∼50T, and the maximum value is slightly higher than the experimental measurement value of 38.5T. In order to avoid the influence of boundary effects in the simulation, the coil target structure is simplified. Only the lower target disk and coil area are retained, while the upper target disk is removed (as shown in Figure 1A). For stability purposes, the magnetic field is split and the magnetic field of the semi-circular arc coil is written. After the magnetic field is initialized, it undergoes free evolution with the plasma. The accuracy of the written magnetic field is ensured by comparing the written magnetic field structure with the Radia simulation results (as shown in Figure 2). The laser energy is set at 130J, the pulse width is 1.0 ns, and the focal spot radius is 200 μm, which are basically consistent with the experimental parameters. The laser radiation position is set to (0, 1900, −300) μm, which is about 300 μm from the boundary of the lower target disk.
[image: Figure 1]FIGURE 1 | (A) The diagram of the FLASH simulation setup; (B) The shadow image collected in the laboratory from Yuan et al. [29].
[image: Figure 2]FIGURE 2 | (A) The coils magnetic force lines that was written at the end time of the laser in the FLASH simulation, (B) The structure of the coils magnetic force lines from the Radia simulation.
The FLASH code contains the Spitzer highZ resistivity module that designed for reasonably calculate the resistivity value of each grid. However, this work wanted to study the conversion of magnetic energy under different resistivities, so we chose to use constant resistivity for calculations.
3 SIMULATION RESULTS
Figures 3A–D show the electron number density results in the case of low resistivity (η = 0.716 [image: image], data was taken from z = 0 plane marked by the blue frame line in Figure 1A). The white circle in Figure 3 denotes the position of the target disk. The high-density region within the circle corresponds to the plasma generated by the target disk after laser irradiation. Two high-density areas outside the white circle represent the vertex position of the two coils. At 1.0 ns, the laser pulse ends and the magnetic field completes writing. The plasma begins to be constrained by the magnetic field to move around the coils (as shown in Figure 3B). Magnetic reconnection occurs at approximately 2.6 ns (∼46.8 [image: image]). Magnetic reconnection is still ongoing at the end of the simulation. Note that the 4.0 ns in the simulation corresponds to the 3.0 ns after the laser ended in Yuan et al.‘s experiment [29]. The simulated electron number density results exhibit concordance with the experimental shadow imaging results (as shown in Figures 1B, 3D). The current sheet size obtained from the simulation results can estimate the reconnection rate of magnetic reconnection, which is approximately 0.04 ± 0.05 at 4.0 ns (∼72.0 [image: image]). In the simulation, the opening angle of the magnetic reconnection outflow region is approximately 55° ± 5°, which is basically consistent with the experimental result of 60° ± 5°. The simulation shows that the electron number density in the magnetic reconnection region is less than [image: image], and the magnetic reconnection process cannot be observed in the range above [image: image]. The electron temperature in the magnetic reconnection region is approximately [image: image]. The simulation parameters are consistent with the experimental data. The plasma β value in the simulation is lower than the predicted 0.016 from the experiment, that is approximately 0.007. This indicates that the magnetic reconnection process dominated by magnetic pressure.
[image: Figure 3]FIGURE 3 | The results of electron number density under the condition of low resistivity in FLASH simulation at (A) 1.0 ns, (B) 2.0 ns, (C) 2.6 ns and (D) 4.0 ns, taking the x-y plane section view of z = 0.0. The two red spots at y = 0.03 indicate the position of the top of the coil, and the white frame line indicates the position of the target plate. The coordinate unit is centimeters.
Figure 4 illustrates the evolution of magnetic field. In the simulation, from the start of magnetic reconnection at 2.6 ns (∼46.8 [image: image]) to the end of the simulation at 4.0 ns (∼72.0 [image: image]), the changes in magnetic field topology continue to occur. The position of the x point of magnetic reconnection is shifted in the x direction, and the shape of the magnetic field lines in the magnetic reconnection area is tilted at 3.7 ns (∼66.7 [image: image]). To exam the two instances of magnetic field topology changes (2.6 ns and 3.7 ns), the electron number density and magnetic field (y-direction component) changes along the x direction are shown in Figure 5. The magnetic field shows obvious positive and negative alternation at the x point. Plasma accumulates in the current sheet area, and the width of the magnetic reconnection current sheet at 2.6 ns is slightly larger than that at 3.7 ns, approximately 2.8 times.
[image: Figure 4]FIGURE 4 | The structure of the magnetic lines of force of the coils before [(A) 2.6 ns and (B) 2.7 ns] and after [(C) 3.7 ns and (D) 3.8 ns] the moment of magnetic reconnection. The coordinate unit is centimeters.
[image: Figure 5]FIGURE 5 | The distribution of the y-component of the magnetic field strength and the electron number density at (A) 2.6 ns and (B) 3.7 ns along the x-direction.
Figures 6A–C depict the simulated electron number density results with high resistivity (η = 71.6 [image: image]). The magnetic reconnection occurs (as shown in Figure 6B) and gradually characterized by a long current sheet (as shown in Figure 6C). The moment of magnetic reconnection initiation under high resistivity is basically the same as that under low resistivity. The magnetic energy begins to dissipate rapidly from ∼2.5 ns (∼45.0 [image: image]), as shown in Figure 7B. The estimated reconnection rate is approximately 0.10 ± 0.03, that is higher than the reconnection rate at 4.0 ns in the low resistivity simulation.
[image: Figure 6]FIGURE 6 | Electron number density simulation results at (A) 2.0 ns, (B) 2.9 ns and (C) 3.8 ns at high resistivity situation. The coordinate unit is centimeters.
[image: Figure 7]FIGURE 7 | Comparison of trends of magnetic, kinetic, and thermal energy in the case of (A) low resistivity and (B) high Resistivity.
The variations in magnetic energy, kinetic energy and thermal energy within the magnetic reconnection region in low resistivity simulation are shown in Figure 7A (statistics the orange square area of Figure 3D). It can be seen that the magnetic energy is significantly dissipated after about 2.6 ns, which confirms the occurrence of magnetic reconnection. And the thermal energy and kinetic energy of the plasma increase significantly. In Figure 7, the red solid line represents the change of ion thermal energy, and the red dotted line represents the change of electron thermal energy. The increase in ion thermal energy is higher than that of electrons, [image: image]. The blue dotted line, dotted line, and solid line represent the plasma kinetic energy in the x, y, and z directions respectively. The increase in plasma kinetic energy is mainly observed in the y and z directions. The y direction corresponds to the outflow direction of magnetic reconnection, and the z direction corresponds to the out-of-plane direction of magnetic reconnection. The increase of the kinetic energy in the two directions is roughly equivalent. In addition, at the end of the simulation, the plasma kinetic energy in the y and z direction is basically at the same intensity as the electron thermal energy. It can be seen from the energy changes that the dissipation of magnetic energy in magnetic reconnection can be effectively converted into thermal energy and kinetic energy of the plasma. In the case of high resistivity, the energy distribution is different from the low resistivity case, as shown in Figure 7B. The thermal energy and kinetic energy of the plasma are still effectively increased. The electron thermal energy exhibits a stronger increase compared to the ion thermal energy, which is different with the result in the low resistivity case, with [image: image]. In our simulation, ohmic heating dominates the energy distribution. In the case of high resistivity, the electrons obtain more thermal energy than ions. The increase of kinetic energy in the outflow direction is more severe than that of kinetic energy in the out-plane direction.
Additionally, opposite magnetic field structures in the straight-wire region can also cause magnetic reconnection. The experiments of Pei et al. [18] mainly focused on discussing the magnetic reconnection process within the magnetic field of the straight-wire region. They observed plasma accumulated of magnetic reconnection in the x-y plane (corresponding to the y-z plane in the simulation, as shown in Figures 8A–C). The outflow direction of magnetic reconnection in the straight-line region is mainly in the z direction perpendicular to the x-y plane. The dark region between the two bright lines in Figure 8A corresponds to the high-density plasma outflow generated by magnetic reconnection. Only the straight-wire magnetic field was added to the simulation, and the simulation results were compared with the simulation results of adding the semi-circular arc coil magnetic field. The same current value was set in the two simulations. The evolution of the electron number density simulation results in the x-y plane with only the partial magnetic field of the straight wire added is shown in Figure 9. The plasma is bound by the magnetic field to move around the straight wire, and reconnection begins at 2.5 ns and continues to 4.0 ns (as shown in Figure 9). At the location where the coil magnetic field was added, an obvious high-density plasma accumulation area also appears inside the coil (as shown in Figure 8B). The plasma is the outflow in the y direction generated by the magnetic reconnection of the coil magnetic field. The accumulation of magnetic reconnection outflows in the two different regions inside the coil is in good agreement with the experimental results of Pei et al. [18]. It can be seen that the magnetic reconnection of straight wires and half-arc coils overlap significantly, so experimental research on magnetic reconnection needs to be more cautious. Besides, we find that the laser power intensity has great influence on the experiment, but the target material and coil geometry parameters have little influence on the experiment.
[image: Figure 8]FIGURE 8 | (A) Shadow imaging data collected from Pei et al.’s experiment [18], (B) Electron number density results in the y-z plane at x = 0 for the simulation with a coil magnetic field, (C) Simulation with a straight wire magnetic field at x = 0 The electron number density result of the y-z plane.
[image: Figure 9]FIGURE 9 | The electron number density at (A) 1.6 ns, (B) 2.5 ns, and (C) 4.0 ns by adding a straight wire magnetic field, intercepting the x-y plane of z = 0.035, which is beneficial to observing the plasma moving around the coil. The coordinate unit is centimeters.
4 RESULTS AND DISCUSSION
The magnetic reconnection experiments of using Helmholtz capacitor-coil targets are simulated and investigated through the FLASH radiation magnetohydrodynamics simulation code. The simulation replicates the evolution process of magnetic reconnection and is in good agreement with the experimental results of Yuan et al. [29]. Different from previous steady-state models [38] (the Harris layer model), We have not artificially interfered with the plasma properties and magnetic field in the simulation, and can obtain more realistic information on the development of magnetic reconnection. In the simulation, the magnetic energy is effectively converted into the thermal energy and kinetic energy of the plasma. The main reason for the increase in kinetic energy is the electric field of the magnetic reconnection, so it increases significantly in both the outflow direction and the out-of-plane direction. In the case of low resistivity (η = 0.716 [image: image]), the thermal energy of ions increases more significantly compared to other energy components. The kinetic energy in the magnetic reconnection outflow direction increases significantly. Ohmic heating dominates the energy conversion, in the high resistivity (η = 71.6 [image: image]) simulation, so the increase in electron thermal energy is more prominent. Similar to low-resistivity case, the kinetic energy in the magnetic reconnection outflow direction and the out-plane direction increases significantly. The distribution of plasma energy is discrete compared to the low-resistivity situation. And the reconnection rate increases significantly.
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