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Abstract

:

Nuclear reactions between protons and boron-11 nuclei (p–B fusion) that were used to yield energetic α-particles were initiated in a plasma that was generated by the interaction between a PW-class laser operating at relativistic intensities (~3 × 1019 W/cm2) and a 0.2-mm thick boron nitride (BN) target. A high p–B fusion reaction rate and hence, a large α-particle flux was generated and measured, thanks to a proton stream accelerated at the target’s front surface. This was the first proof of principle experiment to demonstrate the efficient generation of α-particles (~1010/sr) through p–B fusion reactions using a PW-class laser in the “in-target” geometry.
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1. Introduction


The conventional route of nuclear fusion for power generation is based on the reaction between deuterium and tritium nuclei, which yields one α-particle and one neutron. Formidable technological challenges, however, stem from the production and handling of tritium, as well as from the radiation damage and radioactivity induced by the high-energy neutrons in the reactor materials. In this respect, the nuclear reaction between a proton and a boron-11 nucleus (p–B fusion) to yield three energetic α-particles is very attractive, as it only involves abundant and stable isotopes in the reactants and there is no neutron in the reaction products. Previous studies have reported a main resonance of such nuclear reactions occurring for incoming proton beam energies at 675 keV [1], which shows a corresponding cross-section of about 1.2 barn. The α-particles generated from p–B fusion present a broad energy spectrum that peaks around 4 MeV [1]; however, cutoff energies up to 10 MeV have been demonstrated experimentally [2,3,4,5,6]. In the last 15 years, p–B fusion has been effectively induced by means of high-power lasers, which has reported an impressive progression in the reaction yield [2,4,7,8], thus has become a point of interest for the energy sector where it is being considered as an alternative approach to conventional inertial confinement fusion schemes [9,10,11] and also potentially for medicine where intense α-particle beams can be used for radioisotope production [12]. However, an extensive systematic investigation of laser-based p–B fusion of the deep understanding of the underpinning physics is still missing [13]. An overview of the recent experimental progression in p–B fusion in terms of α-particle flux (or flux per input laser energy) is shown in Figure 1, both for the “in-target” [2,3,4,7,14] and “pitcher–catcher” geometries [5,6,8,15]. In this work, we show the first experimental results of efficient α-particle production from p–B fusion using a PW-class laser in the “in-target” (i.e., direct irradiation) configuration. The results that were achieved during the same campaign in the “pitcher–catcher” geometry have been published elsewhere [5,6].




2. Materials and Methods


The relatively short-pulse (2.2 ps) and high-energy (~1.4 kJ) PW-class laser system LFEX [16], which was operated at relativistic intensities (~3 × 1019 W/cm2) at the Institute of Laser Engineering of the Osaka University (Japan), was focused onto the front surface (normal incidence) of a boron nitride (BN) target with a thickness of 0.2 mm. The concentration of hydrogen in the sample was a few %, which came from the chemical synthesis of the material during the manufacturing process.



As schematically shown in Figure 2, a Thomson parabola (TP) spectrometer was placed in the forward direction along the target normal to monitor the proton/ion plasma emission from the target’s rear surface, which was based on an acceleration mechanism commonly known as “target normal sheath acceleration” (TNSA) [17]. Protons that were accelerated via TNSA at the target’s rear side did not contribute to the generation of α-particles from p–B fusion; however, the determination of their cutoff energy was important to confirm that that particular laser shot was representative of an optimal laser–plasma coupling (a high laser intensity on the target’s front surface allows the generation of electrons with high temperature, also known as “hot electrons”, hence efficient TNSA at the target’s rear side and protons with high cutoff energies). Plasma ions were deflected by parallel electric and magnetic fields based on their charge-to-mass ratio and were ultimately recorded on an imaging plate [18]. The presence of protons with cutoff energies of ~25 MeV confirmed that relativistic electrons were efficiently produced at the target’s front side, thanks to the relatively high intensity and long pulse width of the incoming laser beam. The main α-particle diagnostic was a CR39 nuclear track detector that was shielded with Al filters of different thicknesses (10 μm and 30 μm), which was aimed at the target’s front side and placed at a distance of 144 cm from the target and at an angle of ~80° from the target normal. Such a large detection angle was deliberately chosen so that the CR39 sample would be out of the main blow-off plasma emission cone, thus excluding the presence of energetic heavy ions (B and N) emitted backwards and impinging on the detector. The calibration of the CR39 detectors with various Al filters is reported elsewhere, along with the etching procedure that was used in this work [6]. We note that tracks that were ascribable to the low-energy blow-off plasma protons (very small pits in the CR39 sample) were unambiguously distinguishable from those ascribable to α-particles from p–B fusion events (larger pits) when the etching time was kept short enough (≤1 h), and that high-energy protons were not visible on the CR39 since they would have generated tracks with diameters below the resolution of the optical microscope that was used to map the sample after particle irradiation (<1 μm).



A set of start-to-end numerical simulations was carried out with the aim of providing a qualitative interpretation of the experimental results. Additionally, 2D hydrodynamic simulations were performed using the CHIC code [19] with the aim of modeling the interaction of the relatively long (~2 ns) laser pedestal with the solid target. Then, 2D particle-in-cell (PIC) simulations were run using the SMILEI code [20] with the goal of modeling the acceleration of the protons at the target’s front surface toward the target bulk (i.e., the protons moving forwards), thus highlighting the ongoing mechanism known as hole-boring radiation pressure acceleration (HB-RPA) [21,22]. The collision between the forward accelerated protons and the BN target bulk (assumed to be “cold” for simplicity) was modeled in 3D using the Monte Carlo FLUKA code [23,24] with the aim of estimating the relative flux and energy distribution of the α-particles that were generated by p–B fusion events and propagated backward. Although the PIC simulation was performed in 2D due to computational constraints, this was a reasonable approximation since the HB-RPA that occurred at the target’s front surface was weakly affected by the number of dimensions in the numerical simulation in terms of proton energies. In fact, the maximum proton energy was directly linked to the radiation pressure of the laser pulse at the center of the focal spot where the intensity was maximized (e.g., the proton energy calculated by 3D PIC simulations can be even larger than that in 2D PIC simulations) [25].




3. Results


The energy spectrum of the α-particles that were emitted backward from the target’s front surface is shown in Figure 3a. This energy distribution was recalculated from the signal recorded by the CR39 detectors that were covered by 10-μm and 30-μm Al filters (Figure 3b,c, respectively). The measured α-particle flux in the energy range of 5-10 MeV and at the detection angle of 80° (with respect to the target normal) was 1.2 × 1010/sr ± 17%. This estimation was carried out by integrating the curve shown in Figure 3a and using a reasonable extrapolation (the red dashed line in Figure 3a) of the spectrum between 7 and 8 MeV (this was not measured due to the limitations of our calibration [6]). Particles with energy <5 MeV could not be detected since they were stopped in the 10-μm Al filter, and particles with energy potentially >10 MeV (diameter < 4 μm) were not counted since they were outside the CR39 calibration.



The presence of a relatively large pre-plasma region that longitudinally extended for a length of ~100 μm in front of the target was estimated by the 2D hydrodynamic simulations. This information was implemented in the geometry that was used for the 2D PIC run, as shown in the proton density map of Figure 4a (the red dashed rectangle). The interface between the pre-plasma and the solid density region (around 175 μm in Figure 4a) along with the relatively long laser pulse feature (~2 ps) allowed the onset of an effective HB-RPA process at the target’s front surface [21,22], which ultimately led to the efficient acceleration of the protons that were propagating forward into the target bulk. This can be clearly seen in Figure 4b, which reports the proton phase space plot (px > 0). The energy distribution of the protons that were propagating forward, which was obtained from the 2D PIC simulation, is shown in Figure 4c (the black line). Protons with an energy of 0.5–19 MeV were accelerated toward the BN target interior, thus generating p–B fusion events inside the target. We noted that, according to the simulation outputs, the highest proton flux lay in the range of 0.5–1 MeV, which was an optimal condition for an efficient p–B fusion process (the high cross-section of the nuclear reaction). Furthermore, the flux of protons with energies > 8 MeV was relatively low, hence their contribution in terms of p–B fusion yield was negligible (also due to the low cross-section of the nuclear reaction at such energies). Therefore, the low-energy part of the proton spectrum was responsible for the high-flux α-particle streams that were propagating backward, as predicted by the 3D Monte Carlo simulation output shown in Figure 4d. The corresponding α-particle energy distribution that was calculated by the Monte Carlo simulation for an angle corresponding to the position of the CR39 detector (80°) is reported in Figure 4c (the red line). The energy cutoff of the α-particle stream that was calculated numerically was ~14 MeV, but this could not be verified experimentally due to the limitations in the available α-particle calibration.




4. Discussion and Conclusions


The results presented in this work provide the first proof of principle experimental demonstration of efficient α-particle generation from p–B fusion using a PW-class laser and the “in-target” geometry. The measured α-particle flux was ~1010/sr, thus one order of magnitude higher than previous results that were obtained with the same laser parameters but in the “pitcher–catcher” geometry [5,6]. This achievement is in line with the experimental progress in p–B fusion that has been reported in the last 15 years (see Figure 1) and confirms the advantage of triggering p–B fusion reactions using a direct irradiation scheme, at least in terms of α-particle flux [2,3,4]. A crude estimate of the total α-particle generation could be provided under the assumption of quasi-isotropic emission, which was based on the fact that the kinetic energy of the accelerated protons was relatively low (unlike the pitcher–catcher geometry that was reported in our previous p–B fusion experiment at LFEX [6]), hence there was no substantial momentum transfer from the protons to the α-particles. Therefore, under such a rough assumption, the total number of α-particles (including those particles absorbed inside the thick BN target) was ~1.4 × 1011. However, despite the high α-particle flux that was experimentally measured, we noted that the overall conversion efficiency of the process (laser to α-particle energy) was still low (~0.005%). It is worth noting that the α-particle flux that was measured experimentally was a clear underestimation of the number of α-particles that were emitted backward due to the limited energy range (5–10 MeV) that was detectable by the diagnostics that were used. In fact, the numerically predicted α-particle energy range was much broader (1–14 MeV). Thus, considering the diagnostic limitations, we could expect a produced α-particle flux and conversion efficiency in line with the previous results that were reported in [4] with a kJ (TW-class) laser and in-target geometry (see Figure 1). Nevertheless, the start-to-end numerical simulation study that was performed (hydrodynamic, PIC, and Monte Carlo) allowed the qualitative support of the basic mechanism of multi-MeV proton acceleration at the target’s front side and the subsequent generation of α-particles via p–B fusion that occurred inside the BN target.



These results are propaedeutic for the preparation of future experiments with PW-class lasers with the aim of generating high-flux α-particle streams in the laser–plasma environment that are tunable in energy, which is of potential interest for the study of ion stopping power in plasma, including the related implications in inertial confinement fusion schemes [26,27,28,29]. In fact, in contrast with TW-class kJ-laser pulses, the use of PW-class kJ-laser beams allows us to achieve high laser intensities on target (1019–1020 W/cm2) and thus, to explore acceleration regimes occurring at the target’s front surface (e.g., HB-RPA) that could potentially be used to tune the energy of the protons that are responsible for p–B fusion reactions in the target bulk and, ultimately, to tune the average kinetic energy of the α-particles.
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Figure 1. The experimental progress in p–B fusion, measured in terms of α-particle production in the “in-target” [2,3,4,7,14] and “pitcher–catcher” [5,6,8,15] geometries. The left-hand scale indicates the absolute α-particle flux (particles/sr), while the right-hand scale is normalized to the laser energy delivered on target (particles/sr/J). 
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Figure 2. (a) The experimental setup; (b) the Thomson parabola (TP) snapshot showing the presence of protons and heavier ions being accelerated forwards from the target’s rear surface (TNSA acceleration mechanism), i.e., not contributing to the generation of α-particles via p–B fusion. 
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Figure 3. (a) The experimental spectrum of the α-particles that were emitted in the backward direction from the target’s front surface; (b) the corresponding CR39 raw image in the case of the 30-μm Al filter and (c) the 10-μm Al filter. 
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Figure 4. (a) The proton density map that was calculated by 2D PIC simulations at t = 2.8 ps (i.e., 1.2 ps after the highest intensity peak entered the highest density part of the target); (b) the proton phase space plot at t = 2.1 ps (the proton density is shown in units of plasma critical density); (c) the proton energy distribution (px > 0) and α-particle energy distribution at the target’s front side from PIC and Monte Carlo simulations, respectively; and (d) the α-particle angular distribution from the same simulation run. 
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