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In this paper we explore the possibility of boosting the reactivity of non-thermal proton-boron fusion triggered by an external proton beam in a plasma at densities near and lower than solid density and temperature characteristic to laser plasma interaction. Suprathermal protons generated by collisions with alpha particles, as well as energetic protons created by the beam protons that do not undergo fusion during the stopping down in the bulk plasma, are accounted for. In addition, we conduct calculations for non-neutral plasma, motivated by recent suggestion that the number of fusion events in such system may be increased.
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1 INTRODUCTION
During the last decades there has been renewed interest in proton - boron fusion, triggered by increasing yields of alpha particles in experiments with laser generated proton beams. Proton–boron fusion in the thermonuclear regime is prohibitive due to the low reactivity of pB11 fuel at temperatures lower than 100 keV and large bremsstrahlung radiation losses at higher temperatures. High intense laser pulses create non-thermal conditions and enable acceleration of ions to many MeV energies, opening the possibility to obtain nuclear fusion at temperatures of several and up to a few tens of keV. Non-thermal fusion was demonstrated experimentally in several configurations, based on high intensity short pulse lasers. “In-target” configuration, is realized by direct irradiation of solid targets containing hydrogen and boron [1–4]. In the “pitcher-catcher” scheme, protons are accelerated at the rear side of a thin foil target, the “pitcher”, through the mechanism of TNSA (target normal sheath acceleration [5]) and irradiate a solid boron-nitride target, the “catcher” [3, 6–8]. The “pitcher-catcher” scheme resembles traditional beam fusion, triggered by energetic protons generated in particle accelerators. However, the energy spectrum of protons accelerated through the TNSA mechanism is wider than the energy spectrum of accelerator-based protons. Recently, a high yield of alpha particles was measured in experiments with cellulite triacetate foam targets preheated by radiation from a laser generated hohlraum and irradiated by an intense short pulse laser generated proton beam [9].
Alongside experiments reporting alpha particle yields from non-thermal p-B fusion, additional configurations were proposed, based on analytic, molecular dynamics, particle in cell and kinetic calculations. A design for table-top p-B fusion based on Coulomb explosion of hydrogen nanodroplets, irradiated by intense femtosecond laser pulse, contained in a solid boron cylinder was reported in [10]. A non-thermal laser-driven mixed fusion reactor concept based on nano-structures confined by electric and magnetic fields generated in-situ was suggested in [11]. A path to proton-boron fusion based on simulation of the interaction of a high energy attosecond pulse with a solid proton-boron target was proposed in [12]. A recent review of the challenges of non-thermal proton-boron fusion configurations was reported by [13].
Almost a decade ago, the possibility of increasing non-thermal p-B fusion reactivity in laser generated plasmas by energy transfer from the alpha particles to plasma protons was suggested [14]. It was claimed that this phenomenon, called also avalanche or chain reaction, could explain the high yield of alpha particles in an experiment at the PALS facility [2]. In the experiment in presented in [2], a yield of 108 alpha particles per pulse was obtained by irradiating a hydrogen-enriched boron-doped silicon target with a 500 J, 0.3 ns laser pulse. The avalanche mechanism has been a subject of debate. After criticism from [15, 16], the possibility of enhancement of p-B fusion reactivity by energetic protons generated via alpha-proton elastic collision was further elaborated by [17–19] and [20, 21]. It was shown that this process is inhibited by thermalization of the energetic protons, and that, during the alpha particles slowing down, most of the alpha energy is transferred to the plasma electrons. Using a model based on binary collisions, [17] calculated an avalanche time longer than the time scale of the PALS experiment. Moreover, [8] generalized the model to densities several order of magnitudes higher than solid density and temperatures up to 100 keV. While [22] considered reducing the stopping power by injecting a MeV proton beam into a highly compressed quantum degenerated boron target.
Recently, alpha heating leading to self-sustained fusion at temperatures higher than tens of keV, however, lower than the characteristic temperature for thermal fusion, at low density proton-boron plasma, was shown in simulations by [23].
In this paper we explore the possibility of boosting the reactivity of non-thermal proton-boron fusion triggered by an external proton beam in a plasma at density of the order of solid density, and the critical density, characteristic to laser plasma interaction.
2 THE MODEL
In the framework of the pitcher-catcher scheme, we consider a proton beam generated by an intense laser pulse, typically through the TNSA mechanism, interacting with a proton-boron plasma. In the simulations, we assume that the protons’ energy spectrum is a delta function. Calculations were also made for a broad energy spectrum, characteristic to TNSA, however, it was found that the main findings of the present model do not change. The fusion probability Pf for the reaction [image: image], during the stopping of one proton of the beam in the plasma is calculated by:
[image: image]
where nB is the boron plasma number density, v0 is the initial proton velocity, the cross section for fusion is σf, and the stopping power of the protons in the boron plasma is S.P. The term in the brackets inside the product denotes the probability that the proton does not participate in a fusion event within a velocity decrease of Δvp. The stopping power of a projectile particle in a plasma is calculated by [24]:
[image: image]
Where [image: image] is the projectile particle (proton in the case of the external proton beam and thermalization of bulk protons, or alpha particles during their thermalization) and [image: image] is the medium, electrons, bulk protons, and boron ions in the plasma. The projectile and bulk plasma particles charges and masses are eα, eβ, mα, mβ, respectively. The Coulomb logarithm [image: image] is calculated as a function the density and temperature for each plasma specie and varies from 5 to 20 at the conditions considered here (see Supplementary Appendix). The main contribution to the stopping power is due to energy loss to the electrons due to their lower mass, which is detrimental to generation of energetic secondary protons. In this context, non-neutral plasma with [image: image] is considered here as well, to reduce the loss of energy to the electrons during the protons slowing down in the proton boron bulk plasma. The increase in the number of fusion events in non-neutral plasma was considered recently [25].
The cross section for p-B fusion as function of the proton energy in the center of mass of the p-B system is given in Figure 1. The resonance of interest for the model considered here is the resonance at 675 keV with a width of 300 keV. In the calculations the cross section (CS) based on recent evaluation reported by Sikora [26] was used (the green line).
[image: Figure 1]FIGURE 1 | The cross section (CS) fusion probability as a function of the proton energy in the center of mass system based on analytical approximations of [27] original CS - blue, new evaluation from [26] - orange, the cross section used in the calculation presented here - green.
Figure 2A shows the primary fusion probability calculated from Equations 1, 2, as a function of the proton energy at plasma temperature and density for the cases considered in the following (see also Tables 1, 2), for [image: image], for neutral and non-neutral plasma with [image: image] = 0.001. It is seen that for non-neutral plasma and proton energies close to 20 MeV the fusion probability may approach Pf0 ≈ 1, i.e., each proton generates one fusion event, during its slowing down in the plasma. However, for proton energies lower than 1 MeV, the fusion probability is lower than 1% at high plasma non-neutrality and temperature. At both temperatures considered here the fusion probability increases with increasing temperature in neutral plasma and is less sensitive to temperature in non-neutral plasma, Figures 2B, C, display the electrons, protons and boron atoms contribution to the stopping power in neutral and non-neutral plasma at electron temperature 340 eV and proton density of 1023 cm−3. In neutral plasma (Figure 2B) the stopping power is dominated by the electrons, while in non-neutral plasmas, this effect is mitigated (Figure 2C). The alpha particles generated in this primary fusion event may transfer energy by collisions to the bulk protons of the plasma, which may induce secondary fusion events. In addition, external beam protons that do not produce fusion may transfer energy to bulk protons in the plasma, which may as well contribute to secondary fusion events. An estimate of these secondary fusion events is calculated here.
[image: Figure 2]FIGURE 2 | (A) The primary fusion probability as a function of the proton energy for neutral and non-neutral plasma with [image: image] = 0.001, [image: image]. The graphs were calculated for electron and ion temperature and proton density: ‘1’- Te = 340 eV, Ti = 100 eV and np = 1023 cm−3 for neutral plasma; ‘2’ - Te, Ti and np are the same as in ‘1’ but for non-neutral plasma, ‘3’ - Te = 10 keV, Ti = 1 keV and np = 1021 cm−3 for neutral plasma; ‘4’ - Te, Ti and np are the same as in ‘3’ but for non-neutral plasma. (B): Electrons, protons and boron atoms contribution to the stopping power as a function of the proton beam energy for plasma conditions Te = 340 eV, Ti = 100 eV, np = 1023 cm−3, neutral plasma, [image: image] (C): Electrons, protons and boron atoms contribution to the stopping power as a function of the proton beam energy for non-neutral plasma conditions Te = 340 eV, Ti = 100 eV, np = 1023 cm−3, [image: image] = 0.001 [image: image].
TABLE 1 | Plasma parameters used for solving Equations 3 at density np = 1023 cm−3 and temperature Te = 340 eV, Ti = 100 eV.
[image: Table 1]TABLE 2 | Plasma parameters used for solving Equations 3 at density np = 1021 cm−3 and temperature Te = 10 keV, Ti = 1 keV.
[image: Table 2]Extending the model reported by Eliezer et al. [14] and Belloni et al. [17], the bulk protons number density is [image: image], where [image: image] and [image: image] denote the number density of the bulk protons which had useful collisions with an alpha particle and with a beam proton, respectively, getting energy to produce a secondary fusion event. It is assumed that this secondary fusion event occurs at cross section [image: image], E = 675 keV. Assume that [image: image] and [image: image], i.e., the bulk proton density does not change.
The time dependent equations for the alpha particles and the energetic bulk protons number densities, [image: image], [image: image], [image: image] and the external proton beam velocity [image: image] are:
[image: image]
[image: image] is the velocity corresponding to the maximum value of the fusion cross section, SP is the stopping power defined in Equation 2, [image: image] is the time dependent velocity of the beam protons in the plasma, npb is the effective number density of the proton beam, [image: image] and [image: image] denote the number of energetic protons generated by one alpha particle and one beam proton, respectively, during their slowing down and [image: image] is the relaxation rate of the energetic protons to the plasma temperature. The time dependent boron density is [image: image]. The stopping time of the alpha particles and the beam protons are [image: image] and [image: image], respectively. [image: image], [image: image] and [image: image] are calculated below.
In the calculations presented here [image: image]. This value is beneficial for inducing secondary fusions, as it increases the probability of the generated alpha particle to collide with a light proton than with a heavier boron ion [18]. Bremsstrahlung radiation loss is not accounted for at the relatively low temperatures considered here, although we note that the above boron to proton density ratio is usually used in models describing thermal fusion.
The bulk proton-boron plasma is characterized by the electron and ion temperatures [image: image] and [image: image] , the proton, boron and electron number densities, [image: image] , [image: image] and [image: image]:
[image: image]
[image: image]
where [image: image] is the non-neutrality of the plasma. The number of energetic, secondary protons [image: image] created by one alpha particle is estimated following Belloni [18]. The spectral distribution of the protons scattered during the slowing down of the alpha particle is:
[image: image]
Where [image: image] is the number density of the bulk protons, [image: image] is the energy of the scattered proton, [image: image] is the energy of the alpha particle. Similarly, [image: image] is the spectral distribution of secondary protons generated by the proton beam.
In our calculations, the cross section for the coulomb scattering, [image: image], is taken to be the Rutherford cross section:
[image: image]
The energy range of the scattered bulk protons is taken in the range (0.280 MeV - Epmax), determined by a minimum energy for the “useful protons” considered by Shmatov [15] and Belloni et al. [17], and the maximum energy.
[image: image]
The number of protons [image: image] generated by one alpha particle is obtained by integrating over the spectral distribution of the generated protons and is dependent on the plasma conditions.
In addition to Coulomb binary collisions, the nuclear contribution may increase the alpha particle–proton scattering cross section [image: image] within a factor of 3 for [image: image] < 2 MeV and up to a factor of 10 around [image: image] = 4 MeV. For [image: image] 4 MeV and Ep < 1 MeV, [image: image] [18, 28]. To account for the sensitivity of the model presented here to the scattering cross section, the Equations 3 were solved also using a multiplier m for the Rutherford cross section, [image: image]. For the plasma conditions considered here, the solution of Equations 3 shows that the number of secondary protons generated by the alpha particle Np2 increases linearly with the value of the multiplier.
The rate of relaxation [image: image] of the bulk energetic protons is calculated as the inverse of the stopping time of these protons averaged with their spectral distribution. The number of secondary energetic protons Np3 generated by the external beam proton is calculated similarly.
In the calculations, a monochromatic proton beam was used with energy of 6.4 MeV and effective beam proton density npb = 1021 cm−3. This value corresponds to an effective volume given by, [image: image] where the laser pulse spot radius and pulse duration are [image: image] and [image: image]. Typical values in TNSA experiments are [image: image] and [image: image], which leads to the effective beam density shown above and a total number of about 1013 protons.
3 RESULTS
In the following, the solution of the time dependent Equations 3 is shown for neutral and non-neutral plasma for two cases of proton-boron plasma. In all the calculations it is assumed that [image: image].
First, we assume near solid proton density of 1023 cm−3, Te = 340 eV (the ionization energy of B4+ for an isolated atom [29]), Ti = 100 eV. These plasma parameters were chosen to extend the high density and degenerate plasma range considered by [18], to proton-boron fusion triggered by an external proton beam. The number of secondary protons generated by the alpha particles and the beam protons are calculated from Equations 5–7. At these plasma conditions for neutral plasma, the probability for a proton beam with energy of several MeV to produce one fusion event in neutral proton-boron plasma is less than 1%. The graphs in Figures 3–11 are calculated for beam proton energy of 6.4 MeV and alpha particle energy of 4 MeV, at the peak of the fusion generated alpha-particles energy spectrum. At this proton beam energy, plasma temperature and density, the probability for a proton to produce a fusion event is 0.001 in neutral plasma and 0.36 in non-neutral plasma with [image: image]. Figure 3 shows the velocity of the proton beam and the alpha particle as a function of time, during their slowing down in the proton-boron plasma. The stopping time is tens of picoseconds at the high-density plasma. The energy spectrum of the secondary protons is shown in Figure 4. The energy spectrum of the secondary protons generated by the external beam extends to higher energies, however the energy spectrum of both groups of secondary protons favors lower proton energies. Figures 5, 6 show the slowing down and the energy spectrum of the secondary protons in the case of non-neutral plasma, [image: image], at the same density and temperature. One can see that in non-neutral plasma the stopping times are by two orders of magnitude longer, the energy spectrum scale is larger and the lower energies in the spectrum are favorable, as for the case of neutral plasma. The relaxation times to ambient conditions of the secondary protons are shown in Figure 7. It is seen that the influence of the non-neutrality of the plasma on the relaxation times is larger at high energies, which are less favorable in the energy spectrum.
[image: Figure 3]FIGURE 3 | The kinetic energy of a proton beam with initial energy of 6.4 MeV and alpha particle with energy of 4 MeV, as a function of time during their slowing down in a proton-boron plasma with np = 1023 cm−3, [image: image], Te = 340 eV, Ti = 100 eV, [image: image].
[image: Figure 4]FIGURE 4 | The energy spectrum of the secondary protons generated by an alpha particle with energy 4 MeV and a proton with energy 6.4 MeV during their slowing down to the ambient temperature in a proton-boron plasma with np = 1023 cm−3, [image: image], Te = 340 eV, Ti = 100 eV, [image: image].
[image: Figure 5]FIGURE 5 | The kinetic energy of a proton beam with initial energy of 6.4 MeV and alpha particle with energy of 4 MeV, as a function of time during their slowing down in a proton-boron plasma with np = 1023 cm−3, [image: image], Te = 340 eV, Ti = 100 eV, [image: image].
[image: Figure 6]FIGURE 6 | The energy spectrum of the secondary protons generated by an alpha particle with energy 4 MeV and a proton beam with energy 6.4 MeV during their slowing down to the ambient temperature in a proton-boron plasma with np = 1023 cm−3, [image: image], Te = 340 eV, Ti = 100 eV, [image: image].
[image: Figure 7]FIGURE 7 | The relaxation time of the secondary protons as a function of energy in a proton-boron plasma with np = 1023 cm−3, [image: image], Te = 340 eV, Ti = 100 eV, for neutral and non-neutral cases. The legend denotes the neutrality of the plasma, [image: image].
[image: Figure 8]FIGURE 8 | (A) The number density of alpha particles and secondary protons as a function of time, (B) the fusion reaction rate, (C) the source and sink terms for the secondary protons, as a function of time for neutral plasma and parameters in Table 1.
[image: Figure 9]FIGURE 9 | (A) The number density of alpha particles and secondary protons as a function of time, (B) The fusion reaction rate, (C) the source and sink terms for the secondary protons, as a function of time for neutral plasma and parameters in Table 1, with relaxation term for the secondary protons smaller by a factor of 50.
[image: Figure 10]FIGURE 10 | (A) The number density of alpha particles and secondary protons, (B) the rate of fusion events, as a function of time, for non-neutral plasma, (C) the number of secondary protons calculated with [image: image] and relaxation rate in Table 1.
[image: Figure 11]FIGURE 11 | (A) The number density of the alpha particles and the secondary protons as a function of time for non-neutral plasma, density np = 1021 cm−3 and temperature Te = 10 keV, Ti = 1 keV, (B) the reaction rate of the fusion events. (C) the time dependence of the secondary protons.
In Table 1 the plasma parameters used for solving the equations are given. Np2 is the number of secondary protons generated by one alpha particle with energy 4 MeV, calculated using the scattering cross section [image: image]. Np3 is the number of secondary protons generated by one beam proton with energy 6.4 MeV kr is the relaxation rate of the secondary protons, obtained by averaging over the energy spectrum. The stopping time of the alpha and the beam protons are τα and τp, respectively.
In the following, a figure of merit describing boosting of reactivity by alpha generated secondary protons is defined by [image: image]. This ratio is consistent with the assumption of the model that the bulk proton density does not change.
The effective density of the proton beam in the calculations is [image: image].
Figures 8 displays the solution of Equations 3 for a neutral plasma. Figure 8A shows the number density of the alpha particles and secondary protons generated by the alpha and the external beam as a function of time, Figure 8B shows the fusion reactivity, while Figure 8C shows the terms relevant for the secondary fusion reaction rate. At early times the secondary protons are mainly generated by the external beam. As the beam slows down, these secondary protons decay. With onset of primary fusion secondary protons are generated by the alpha particles (Figure 8A). However, the fusion reaction rate generated by the secondary protons is about five orders of magnitude lower than the primary fusion (Figure 8B). An avalanche process does not occur, as it is mitigated by the secondary protons’ relaxation term. The terms relevant for secondary fusion (Figure 8C) are:
[image: image]
[image: image]
[image: image]
The terms in Equations 8–10 are calculated and presented in Figures 8–10 for different plasma parameters. After the external beam slows down, the generation of secondary protons is balanced by their relaxation and secondary fusion is not boosted.
To illustrate the inhibition effect of the secondary fusion by the thermalization of the secondary protons, Equations 3 were solved for a lower relaxation term. Figures 9 shows the number density and the fusion reactivity, for a lower relaxation term by a factor of 50. After about 30 ns, the number density of the secondary protons increases, and secondary fusion is set. The confinement of the plasma to tens of nanoseconds might be achieved by magnetic fields, however, the possibility of decreasing the relaxation term is challenging.
Figure 10 displays the solution of Equations 3 for non-neutral plasma, with [image: image].
In this case, the number of secondary protons created by the alpha particles increases after the external beam slows down and the primary fusion stops (Figure 10A). The number of fusion events rises due to the secondary protons generated by the alpha particles. (Figure 10B). Figure 10C shows the terms that determine the time dependence of the secondary protons. The generation of the secondary protons due to the beam (red line) is constant and stops after the beam stops. The number of secondary protons generated by the alpha particles increases as the primary fusion develops and continues to increase after the beam stops, i.e., avalanche or boosting of fusion occurs (Figure 10C).
Secondly, we assume plasma parameters characteristic to laser plasma interaction, density np = 1021 cm−3 and temperature Te = 10 keV, Ti = 1 keV. The number of secondary protons and their relaxation time for neutral and non-neutral plasma are given in Table 2. Similarly to the high plasma density case, due to the large relaxation rate, the secondary protons do not induce secondary fusion in neutral plasma. Decreasing the relaxation rate by one order of magnitude, the secondary protons density reaches [image: image] after 588 ns, and these secondary protons can induce secondary fusion events.
Figure 11 shows the number density of the alpha particles and the secondary protons for non-neutral plasma as a function of time for the plasma parameters shown in Table 2. The number densities of the alpha particles, secondary protons produced by the beam and by the alpha particles are shown in Figure 11A. It is seen that in this case the number of secondary protons reach [image: image] after 130 ns, before the external proton beam stops. This ratio between the secondary and the bulk protons was chosen in the framework of the model as indicating onset of avalanche. Figure 11C shows the terms that determine the time dependence of the secondary protons.
4 CONCLUSION
The possibility of boosting non-thermal proton-boron fusion by energetic secondary protons generated by the alpha-particles through elastic scattering was investigated. Such a boosting may possibly lead to a self-sustained chain reaction. We consider proton-boron fusion induced by an external proton beam in a homogenous plasma of density and temperature of interest for laser driven experiments. The secondary protons energy spectrum and their thermalization was calculated, leading to three parameters, the effective number of secondary protons generated by an alpha particle and a beam proton during their slowing down and the relaxation rate of the secondary protons. With these three parameters, the possibility of secondary fusion was calculated, based on a simple three-population model. The results show that secondary fusion is inhibited by the fast thermalization of the secondary protons. The slowing down of the beam protons and the alpha particles in the bulk plasma were calculated using a stopping power based on Maxwellian distribution function for the particles in the plasma. In the framework of this model the charged particles transfer most of their energy to the electrons, inhibiting generation of suprathermal ions.
To decrease the effect of the thermalization of the secondary protons, non-neutral plasma was also considered in the calculation. In this case the relaxation rate of the secondary protons is much lower and secondary fusion occurs, leading to the desired avalanche effect.
Indeed, achieving such non-neutral plasma for fusion purposes is not trivial, however, such low electron density plasmas do occur, for example, in a double layer created at the interface of a laser-target interaction [30], or in a Debye sheath at a tokamak boundary [31].
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