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The detection of the ionic products of low-rate fusion reactions, and in particular of the 11B(p,α)2α, is one of the recognized main problems in experiments where these reactions are initiated by tailored interaction of intense and high-energy lasers with matter. A thorough description of this important issue, with a critical comparison of the diagnostic opportunities, is indeed so far. In this work, we describe the common diagnostic methodologies used for the detection of the alpha particles generated by the 11B(p,α)2α reaction and, for each, we outline advantages and limitations, with considerations that can also be applied to other low-rate fusion reactions. We show here that, in general, the univocal characterization of the α products coming from this reaction can be achieved by the simultaneous use of several diagnostic tools placed in close proximity.
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INTRODUCTION

Nuclear fusion is a promising mechanism for future electric plants. Fusion reactors will help to resolve global energetic problem and, at the same time to decrease the worldwide pollution of air, water, and soil significantly.

Deuterium-tritium (DT) reaction is the best-known candidate for future reactors, due to the lowest energy needed to initiate the fusion process. The total cross-section of the reaction versus the center of mass is plotted in Figure 1A [1–3, 6]. This reaction requires the use of radioactive combustible (tritium), and generates neutrons, besides other products. Neutrons may be used to produce tritium by opportune reactions with lithium targets. Moreover, depending on the method the fusion reactors are built, neutrons may be used in hybrid fusion-fission reactors [7, 8]. On the other hand, neutrons induce activation on the materials they come in contact with, which is an essential issue in the setting and the maintenance of the fusion reactors. Moreover, the energy conversion efficiency of neutrons is low.


[image: Figure 1]
FIGURE 1. (A) Total fusion cross-section vs. center-of-mass energy for D–T and p–11B fusion reactions [1–3]. Reprinted with permission from Ref. [1]. (B) Alpha energy spectrum in the reaction 11B(p,α)2α at 660 keV incident proton beam energy achieved from Ref. [4], given by full squares joined by a red thick line. The shifts of the energy spectrum due to screening by 11- and 22-μm-thick aluminum foils are also shown. The small α0 sharp peak at 5.7 MeV in the original spectrum is broadened and shifted to 1.27 MeV by the 22-μm-thick Al foil. Reprinted with permission from [5].


Promising nuclear fusion reactions which do not produce neutrons are the p+11B → 3α + 8.7 MeV [1–6, 9, 10] and the D+3He → p + α + 18.34 MeV [6, 10, 11] which, in addition, do not require radioactive reagents. Indeed, in D+3He, some neutrons are produced by D-D reactions. The p+11B reaction is considered for the third-generation fusion reactors, while D+3He for the second generation [12], although one major problem is the scarcity of available 3He in nature [10, 13]. The higher energy required to achieve fusions from these reactions, with respect to the D-T makes them more difficult to be realized under laboratory conditions. In Figure 1A, the comparison of the cross-sections between the D-T and the p+11B reactions is shown as an example.

Indeed, it has been demonstrated in many experiments that these nuclear reactions can be obtained by specific laser-plasma interactions [1, 5, 10, 14–26]. In particular, effective experimental investigations for the D+3He reaction were performed in laser-generated exploding plasmas with the Texas PW laser at petawatt regimes [14–18]. Moreover, several experiments around the world have demonstrated the possibility to initiate p+11B fusion reactions by means of tailored laser-plasma interaction schemes [1, 5, 19–26]. A significant yield for p+11B fusion was achieved in this way, and this might lead to the future employment of laser-plasma interactions as powerful alpha-particle references [21–24]. In this case, there is abundance in nature of both the two reagents, and there are many prominent future applications of this reaction apart from inertial fusion energy plants, for example, to medical treatments [27–29]. The careful study of low-rate nuclear reactions in plasmas is also an important topic for astrophysical research [16, 17, 20, 30, 31]. For example, p+11B is the primary pathway for depleting 11B in stellar interiors, and the abundance of 11B observed in stellar atmospheres can be used to determine the depth of stellar convection when studied in comparison with the abundances of Li and Be [30, 32]. Indeed, in general, the cross-sections of these reactions in plasmas are still unknown at low energies and usually derived by those at higher energy. The classical methods to determine cross-sections in beam-target schemes are actually not accurate for low energies because they suffer from the effect of electron screening [30]. The measurement of these quantities directly in plasmas is therefore still an open question that can be approached successfully by tailored laser-matter experiments.

So far, two main approaches have been proposed and verified to obtain p+11B reactions from laser-matter experiments.

∘ Scheme 1. Generating a H and B plasma by means of energetic laser pulses on composite targets, such as doped-boron plastic or Si enriched with hydrogen and boron, for example [10, 19, 20, 22–24] (see Figure 2A). This was proved for both picosecond [10, 19] and energetic nanosecond pulses [20, 22–24]. In this plasma, the ion and hot-electron components are capable of giving some number of fusions. The use of specific targets may increase this number considerably [22– 24], and this is thought to be due to resonance phenomena [33–36].

∘ Scheme 2. Producing a laser-plasma accelerated proton beam to be sent to a B target or to a laser-generated boron plasma (Figure 2B). This was studied for both picosecond regime lasers [1, 21] and femtosecond high-repetition rate lasers [25, 26, 37].


[image: Figure 2]
FIGURE 2. Schematic drawings of “scheme 1” (A) and “scheme 2” (B) for producing fusion reactions described in the text. The α particles indicated in the two pictures are only those that are suitable to detection, but of course in the two schemes there are also α particles that are directed toward the target (scheme 1) and that are not capable to exit it (scheme 2).


Details on the expected α spectrum in the different schemes are given in section Characterization of Fusion Rates in Proton-Boron Reactions.

Besides the full knowledge of the interaction conditions, the actual principal issue on experiments involving p+11B low-rate fusion reactions is the accurate detection of the fusion products. As explained in the following sections, alpha particles are intrinsically challenging to be detected in high-power laser-plasma experiments, and this is a notable drawback in the schemes where the number of generated particles is intrinsically low. An example is a campaign performed at the ABC laser facility [38] with scheme 1 of Figure 2A, where laser pulses at 1054 nm, 2.5 ns duration, energy of several tens of joules, and intensity higher than 1015 W cm−2, were directed on boron-doped plastic targets leading to the observation of fewer than 105 alphas [20].

Another type of experiment with an intrinsically low number of fusion yield is described in references [25, 26, 37]. In this case, the 110-mJ femtosecond ECLIPSE laser was used at ~2 × 1018 W cm−2 intensity, according to scheme 2 of Figure 2B, to accelerate protons to energy sufficient to initiate the p+11B reaction toward a massive boron target. Here, the high repetition rate of interaction was the key to accumulating a reasonably high fusion yield in a short time. Other experiments where the produced alphas are intrinsically low are those for determining the reaction cross-sections in plasmas at low temperatures for studies of astrophysical interest, where the problem of the accurate alpha detection becomes thus more demanding.

As mentioned, recent experiments have demonstrated that a significant number of laser-generated p+11B fusion reactions can occur [22–24]. This would, in principle, simplify the difficult task of the alpha detection. Nevertheless, experiments of intense laser-matter interaction produce a wide spectrum of ionizing electromagnetic (UV, X, γ) and particle radiation (electrons, ions), together with radiofrequency-microwave emissions. The simultaneous production of such a wide and multifaceted emission is one of the main reasons making the diagnostics of the produced plasma and of the emitted radiation a task that has to be always managed with great care. In many situations, the associated background present in any diagnostic method can be a significant obstacle, even in case of high-rate reactions. In some cases, this radiation can even induce failure and damage on the diagnostics. This is not only an issue for the detection of fusion products but, in general, also for the detailed characterization of the experimental conditions of the interaction. For this reason, details for the different diagnostic methods are given in the related section Diagnostic Methods.



CHARACTERISTICS OF 11B(P,α)2α REACTIONS

As shown in Figure 1A, the 11B(p,α)2α reaction has a cross-section with two main resonances, one at energy ER1 = 148 keV and one at energy ER2 = 620 keV in the center-of-mass frame, where the latest has higher cross-section [2, 3, 9]. The reaction induces three-particle decay [2, 3, 5, 9], and the predominant channels are described hereafter. It can occur through the 8Be ground state, which subsequently decays into 2α (Q = 91.8 keV):
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with the reaction Q = 8.59 MeV or through the 8Be excited state:
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with Q = 5.65 MeV and a large width of 1.5 MeV. The decay of the excited beryllium follows this
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with Q = 3.028 MeV. The energy distribution of the generated α particles can be observed in Figure 1B. In the laser-induced plasmas, the α0 and α1 are estimated to have energies of 5.7 and 3.76 MeV, respectively, in the exit channel [5]. However, as mentioned, the energy spectrum of α1 has a large width; consequently, the α12 spectra spread from 0 to higher than 5 MeV. These considerations are resumed in the α spectrum shown in Figure 1B, where the contributions coming from the different channels are briefly indicated with the respective symbols.

In both channels (1) and (2), there is the formation of a nucleus of 12C* followed by sequential α decays via an unbound 8Be in its fundamental (1) or first-excited state (2). A further channel exists, with a very low cross-section, that produces a 12C* compound nucleus that decays by γ emission, releasing ~15.9 MeV [1, 9].



CHARACTERIZATION OF FUSION RATES IN PROTON-BORON REACTIONS

As mentioned, this is one of the key issues in experiments of this type, due to the low alpha yield. Here, we will show that it is challenging to discriminate them with respect to the background that may be at comparable levels. Several methodologies can be applied to this purpose, and they will be discussed in the next sections. An effective method to estimate the background ion emission due to the interaction, consists on the repetition of the same experiment with the same laser regimes and with similar targets, where the 11B ions are not present and instead substituted with 10B or C ones, which have similar mass but do not generate the expected alpha spectrum [21–23].

It is important to point out that the actual spectrum of the expected alpha particles to be detected in each of the two schemes of Figure 2 may differ from the ideal one shown in Figure 1B because, before reaching the detector, the produced alphas interact with the solid target and the surrounding plasma.

These interactions may modify the spectrum of the detected alpha particles. First, we consider the simplified conditions of scheme 2, where protons entering normally to the surface of a solid B target will produce fusions, with a probability depending on their energy. Figures 3A,B shows the ranges of several elements in B and in Al materials. They are reported from tables supplied by the SRIM package and based on methods and data from references [39, 40]. Let us consider the two resonances at 148 and 620 keV of the p+11B reaction in the center-of-mass frame [2] depicted in Figure 1A; this will mean protons with energies ~160 and ~675 keV in the laboratory frame.


[image: Figure 3]
FIGURE 3. (A) Ranges of H and He in B and (B) ranges of several elements in Al. They are reported from tables supplied by the SRIM package and based on methods and data from Ref. [39, 40].


From Figure 3A, the ranges in B for incoming protons with the mentioned energies are ~1.04 and ~6.85 μm, respectively. In these cases, alphas are mostly produced in these respective locations. They have spectrum shown in Figure 1B, but they must exit the target to be detected. Therefore, their initial energies will be degraded and alphas having them lower than a given threshold value may even come to rest before of exiting the target. This threshold depends on the specific α actual exit path within B, and so on its direction with respect to the B surface. For instance, let us consider the simple case of alphas directed normally with respect to the B surface. They will have to cross the same path (in B) of the incoming protons, but to escape B, they need to have energies higher than protons, to compensate for their higher Coulomb charge. Figure 3A shows that in these two cases, only alphas with energies higher than 355 and 2.56 MeV, respectively, will exit the B target; instead, those with lower energies will be trapped in it. This will also decrease the energies of alphas escaping the B, and the initial alpha spectrum shown in Figure 1B will be modified. Certainly, alphas emitted toward a direction different from the normal to the B surface will have a longer path within B, and thus will undergo an increased energy loss. This will cause an enhanced effect both on the spectrum and on the overall number of exiting particles. Thus, the actual spectrum will be dependent on the angle of detection with respect to the target normal, because of the different angular-dependent thickness of the particle path in B [2, 3, 32, 41].

In Figure 4, the number of alpha particles detected in an experiment at CEDAD Laboratory (Lecce, Italy) is shown [41]. A proton beam of 675 keV and 2 nA current was accelerated from a Tandetron and impinged in the normal direction of the surface of a solid boron target for a total of 900 s, corresponding to a total number of protons Np ~ 1013. This produced a localized source (diameter ~ 1 mm) of alpha particles [42], common data for CEDAD accelerator. A set of CR39 track detectors (see more details in section Use of Track Detectors) was deployed along the vacuum chamber at different angles with respect to the target normal, and the tracks were read after standard etching. Figure 4 reports an example of the angular dependence of the overall number of detected alphas achieved by the CR39 detectors, confirmed by results obtained on the same campaign by a Passivated Implanted Planar Silicon (PIPS) detector CANBERRA PD100-13-100AM.


[image: Figure 4]
FIGURE 4. Normalized α particle yield vs. detection angle, obtained by CR39 exposition and compared with the cos(θ) law, being θ the angle with respect to the target normal. The numbers were normalized to the value at 20°. Reprinted with permission from Ref. [41].


The considerations here discussed in the case of scheme 2 for solid B targets can be applied only at some extent to the case when the fusion reactions occur in a plasma, both in schemes 1 and 2. Certainly, alphas will interact with the plasma before being detected, and this will produce modifications and energy reduction on the expected α spectrum to detect. Detailed discussions on this topic require tailored calculations and measurements according to the specific conditions of the plasma generated in each situation, that we believe are far from the purposes of this paper.



DIAGNOSTIC METHODS


Use of Track Detectors

The fundamental method of detection for alpha products in this type of experiments is to use Solid-State Nuclear Track Detectors (SSNTD) [5, 10, 19–24, 26, 43–54]. They are solid materials where exposition to ionizing radiation generates local damaging to the detector. In the polymer types of SSNTD, damages are caused by the breaking of the long polymer chains due to incoming radiation. A typical example is the well-known CR39 plastic polymer, or allyl diglycol carbonate (ADC) [1, 19–21, 43–54], but the PM-355 plastic is also commonly used [22, 23, 43, 44, 51, 52]. Along these damaged regions, the material is more susceptible to chemical attack, and thus has a much faster velocity of etching compared with undamaged material. In this way, tracks can be created in the damaged regions. Track detectors are widely used in different fields. They are fundamental in environments heavily affected by transient electromagnetic pulses (EMPs) of high intensity, typical in high-power laser-matter interactions [55], where active electronic detectors will not be usable and even often damaged by the high EMP levels.

As mentioned, to detect the latent tracks after exposure to ionizing radiation, the plastic SSNTDs are typically immersed in a NaOH solution with specific concentration and temperature, for a certain amount of time. This causes bulk etching of plastic, and because of the enhanced etching properties of the regions exposed to radiation, tracks become visible and with sizes increasing with the duration of the bath. When the etching procedure is executed for several hours, tracks of micrometer dimension are achieved and can be characterized by confocal microscopes generating high-resolution images [43–50]. Software for analysis of these images is freely available, such as the well-known ImageJ program [56]. Information on particle energy can be inferred by track dimension and etching rate, compared with that of the detector bulk [10, 19, 26, 43–54]. In some cases, information on the particle type may also be achieved.

The problem is that, besides alphas, the detector is also reached by all the other radiations produced in the experiment. Electrons, X-rays, and γ-rays do not produce a remarkable effect on the detector but change its average solubility [43, 44, 48–50]. The issue is about the other ions generated in the reaction. In particular, in experiments with energetic nanosecond-regime pulses using scheme 1, it was proved that protons and ions up to the MeV range could be produced [22–24]. The ion energies are usually increased in the case of picosecond pulses in schemes 1 and 2 [1, 10, 19, 21, 57, 58] or femtosecond pulses in scheme 2 [57, 58]. Because of the low rate of these reactions, the number of alpha products reaching a given detector is usually much lower than the number of H, B, C, etc. ions reaching the same detector. Thus, it is necessary to find an effective way to discriminate between alphas and other particle species. Some methods are discussed in the following subsections.


Application of Foil Filters

It is possible to use plastic or metal foils, acting as filters, that are capable of stopping low-energy and heavy particles and leave high-energy alphas to pass through them [1, 23, 24]. This is quite an easy task for incoming B, C, or heavier ions and can show many limitations for protons. Figure 3B shows the range of different ions in aluminum [39]. According to Figure 1B, the ideal alpha spectrum extends up to E1 = 5.7 MeVs, although the main peak is placed at around E2 = 3.6 MeV. In the case of pure Al foils, results show that (see Figure 3B) the t1 = 25.9 μm and t2 = 13.6 μm thicknesses are capable of stopping alphas with energies up to E1 and E2, respectively, and at the same time they will just stop protons with energies E1p = 1460 keV and E2p = 950 keV, respectively. So, it is much more difficult to stop protons than alpha particles. This leads to some considerations.

• When using filters, it is necessary that the spectrum of protons that are produced in the reaction and, in particular, of those reaching the detector, is accurately known. This will enable to understand if unique alpha selection by the filtering method can be obtained.

• The use of filters decreases the energy of alphas reaching the detector and may cut most of the alpha spectrum. The spectra of alphas passing through 11 and 22 μm Al foils are shown in Figure 1B. Since, in the 22-μm case, very few alphas will pass through the foil, it is reasonable to use Al filters with thickness about 11 μm, at most, that will stop up to about 800 keV protons. This is roughly the operative limit for the use of this technique, which may still be used in some experiments using scheme 1 with nanosecond regime lasers. Experiments with higher-energy protons will give residual contaminants on the detector—and still in a large number, considering the expected low number of alphas—and will profoundly affect the signal-to-noise ratio of the measurement.

• With scheme 1 at ps or fs regime, and in general with scheme 2, this approach is rarely usable, because protons of several MeVs are commonly generated in these contexts [57, 58]. Alternative techniques are thus necessary.



Particle Identification Due to Track Dimension

As mentioned, it is possible to have some discrimination of particles impinging on a detector by studying the dimensions of the produced tracks and their evolution with respect to etching time bulk [10, 19, 22–24, 43–54]. Certainly, this requires a prior exposition of the same detector to reference particle beams, produced by classical accelerators [19, 22–24, 41, 44–51] or laser-plasma accelerators [53, 54], and the study of the produced tracks with respect to different conditions of the etching solution, temperature, and immersion time. A typical example of obtained results is shown in Figures 5A–C for the CR39 detector [53]. In this case, the etching was performed in a NaOH solution (6N, 70°C) for several hours.


[image: Figure 5]
FIGURE 5. (A) Proton track diameters and (B) alpha particle track diameters on CR-39 track detector vs. particle energy for different etching times. For (B), the energy error bars presented for the case of 8 h etching time apply to all the other etching times. (C) Comparison of proton, alpha particle, and C3+ ion track diameters vs. energy for 1 h etching time. Reprinted with permission from Ref. [53]. (D) The PM-355 calibration curve for alpha particles and protons after 2 h etching time. Reprinted with permission from Ref. [22].


In Figure 5A, it is shown that, for a pure proton beam, track diameters are always monotonically decreasing versus the energy of the incoming protons for etching times up to 2 h. Anyway, the decreasing remains within the diameter tolerance of detection at the lowest etching times and thus not very useful for getting proton energy discrimination. Larger times should be thus needed but, in these cases, the diameters first increase for energies below 500 keV, and then again decrease monotonically. So the relation is no more univocal in the whole energy range but still usable for the higher energies. In Figure 5B, the track evolution of alphas with respect to the etching time is shown. Tracks of dimension larger than for protons are usually achieved for equal etching times. In Figure 5C, it is noted that there is indeed a small gap difference between the maximum of the proton curve and the minimum of the alpha one at 1 h etching time, if compared with the measurement tolerance. More favorable situations can be obtained for larger times, but always with small gaps between maximum for protons and minimum for alphas, and this makes the discrimination not always reliable when using only the track-diameter criteria. This is also shown in Figure 5D for the case of PM355 detector at 2 h etching time, where alphas with energy higher than 4 MeV have tracks with the same dimension of protons at around 0.5 MeV.

Therefore, more complex methods have to also be used in this case. But, in particular, the combined application of this technique to the use of filters might give some help in some situations. When a filter is used with an incoming wideband particle beam, the low-energy component will be cut, and the remaining one will undergo an energy attenuation. In Figure 1B, the original α spectrum from proton boron reaction is shown, together with those achieved after filtering due to 11- and 22-μm-thick aluminum foils. In particular, for the 11-μm case, the alpha spectrum has only ~2.5 MeV maximum energy. From Figure 5D, α tracks with diameters lower than ~4 μm will be absent. The careful selection of the filter material and thickness may thus lead to some improvement on the discrimination of α tracks from proton tracks.



Particle Identification by Track Shape

Track shapes on SSNTDs are affected by several parameters, some associated with the etching conditions and others to the geometry of the particle collision [26, 43–52, 54]. In general, tracks with circular shape are generated if particles enter the surface at normal incidence and, in the other cases, the shape of the etched track can be described as an ellipse with the major axis along the direction of particle propagation. It is possible to use ellipticity and orientation to discriminate tracks actually due to the nuclear reactions of interest from those associated with the detector background [26, 43, 44]. Environmental radioactivity, in fact, causes the presence of some tracks on the SSNDTs. This background constantly increases after the production of the detector. The process of discriminating tracks according to their orientation can be used to decrease the latent background tracks on the detectors, allowing the improved diagnosis of fusion products also for very low yield, where the number of events is comparable with the detector background, thus increasing the detector sensitivity effectively. The drawback of this technique is the necessity that fusion products have some preferential direction with respect to the detector place, which complicates the analysis.

This methodology can be used to separate the contribution given by the alphas emerging from p+11B in the experiments with respect to the other ions generated and accelerated by the same laser-matter interaction. In Figure 6A, an example of a successful application of this technique is shown by using a specific setup which allowed useful direction of some alpha products [25, 26]. In that scheme, protons where accelerated by means of the TNSA mechanisms given by the interaction of the ECLIPSE laser (110 mJ, 2 × 1018 W cm−2, 35 fs), on the Al foil target placed on the left, and then sent to a B target (schematically represented in Figure 6A with an ellipsoid) through two concentric holes, one on 1 mm-thick Al screen and one on the CR39. The proton beam then interacted with the B, and the alpha products, emitted roughly isotropically, were detected on the CR39.


[image: Figure 6]
FIGURE 6. (A) Scheme where the technique of “directional selection” was successfully applied to particles reaching the detector. Here, the B target is schematically represented with the ellipsoid on the right; this was not its actual shape. The alpha particles indicated in the scheme are only those directed toward the CR39; the actual alphas produced in the experiment are of course omnidirectional. (B) Complete image of the etched CR39 obtained as an array of multiple scans by a confocal microscope. The central hole on the CR39 is evident. In the inset, a detail of this image is enlarged, and a detected track is shown. (C) Basic scheme for illustrating the parameters for the track selection method. The gray circle with radius r in this picture is the projection on the detector plane of the region of boron interacting with the proton beam. Reprinted with permission from Ref. [26].


Figure 6B shows the image produced by confocal imaging for the whole etched CR39 used in the scheme of Figure 6A; the central hole is evident. In the inset, a detail of this image is enlarged and a detected track is shown. To get a useful reference for the Directional Track Selection (DTS) method, as a first step the actual particle source was “projected” on the detector plane, as indicated in Figure 6C. The gray circle in that picture is the projection on the detector plane of the region of boron interacting with the proton beam, as shown in Figure 6A. Thus, the reference system was set at the center of this circle. Here, the expected particle direction is given by the segment of length d connecting the origin of the reference system to the center of the track image and is individuated by the associated θ angle to the horizontal axis. The overall acceptance angle γ = α+β = arcsin(r/d)+β includes the possible provenience of particles from a generic point on the source (α), the tolerances on the track ellipsoid drawn by the imaging program and the tolerances in assessing both the source dimension and the center position (β).

Among all the observed tracks present on the detector, the process of track discrimination was thus applied only to those with dimension compatible with alpha particles for that given etching time. This gave a first reduction of the number of samples to examine. As a second step, for each remaining track, the φ angle between the major ellipse axis and the x-axis was obtained. Thus, only the tracks fulfilling the condition |φ−θ| ≤ γ were validated, and the others were discarded. In ref. [26], this technique was capable of reducing the background noise level of about one order of magnitude in experiments performed with the low-energy ECLIPSE laser, where the number of expected fusion reactions was predicted to be very low.




Use of Thomson Spectrometers

Thomson spectrometers [59] are well-known effective devices used for discriminating particles with a different charge-mass ratio in high-power laser experiments. Figure 7A shows their principle operation. An electrostatic and a magnetostatic field, both orthogonal to the main horizontal direction of propagation of the incoming charged particles, determine a vertical (the electric field) and a horizontal (the magnetic field) deflection of the particles, leading to parabolic traces, each univocally associated with different charge-over-mass ratios. From the trace profile and the use of calibrated detectors, as imaging plates [60–63] or scintillators [64], for example, it is possible to retrieve the absolute particle spectrum [60, 65, 66].


[image: Figure 7]
FIGURE 7. (A) Scheme of the Thomson spectrometer configuration, with an indication of the magnetostatic and electrostatic deflector, drift, detector and parabolic trace. Reprinted with permission from Ref. [60]. (B) Typical spectrometer traces in case of interaction on scheme 1 with PALS laser on Si-H-B target. Protons and Si ions are visible. Reprinted with permission from Ref. [22].


This can only be performed with the necessary accuracy if the incoming beam is selected by a pinhole, to limit its transversal profile. It is an important issue, because extensively-large pinholes enhance the spectrometer sensitivity but, on the other hand, determine larger trace sizes on the detector plane, and more intense electric and magnetic fields would be required to separate them at the higher energies of the ion spectra.

Examples of trace superimposed in p+11B laser-plasma experiments are reported in refs. [22–24] and shown in Figure 7B. Typical pinholes used in these experiments have diameters from a few tenths of mm to 1–2 mm, at most. Sensitivity is, certainly, of primary importance for the detection of fusion products in these low-rate reactions. Indeed, the detection capability of the device depends on the actual solid angle covered, and then also on the target-pinhole distance. According to the scheme of Figure 7A, under the simplified hypothesis of point emission of particles from the laser-matter interaction, the traces will have size [67]

[image: image]

where [image: image] the solid angle of detection, φp the pinhole diameter, and D1 and D2 the target-pinhole and the pinhole-detector distances, respectively. So, for a given maximum acceptable St, caused by the spectrometer maximum electric and magnetic field, the maximization of the solid angle of detection will require the use of large φp and small D1. On the other hand, the enhancement of the solid angle implies larger background noise that can be potentially coupled with the spectrometer. This can come from different contributions.

• Ionizing electromagnetic radiation. This contribution scales with the square of the distance from the laser-target interaction point. UV and X-rays are commonly stopped by the pinhole frame, and also low-energy γ-rays up to a few tens of keV, depending on the pinhole material and thickness. γ-Rays of higher energy will be capable of overcoming the shielding and interacting with the detector, actually increasing the background. Anyway, radiation of such high energy is normally emitted by laser-matter interactions with energetic fs or ps laser pulses, so it is mostly a problem for scheme 2, and only in some cases also for scheme 1. The pinhole is usually the most delicate part in this case, because pinholes of small diameter often require thin substrates. For this reason, a couple of concentric pinholes are often used: the internal pinhole with lower diameter and the external one instead with larger diameter and thickness. The discussed requirement of higher solid angle will thus give larger pinhole images and associated background. This may not be a serious issue, provided that suitable thick and high-Z shielding is used to protect the detector plate of the spectrometer, according to the specific regime of laser-matter interaction. It is a common practice to place also suitable thick and high-Z bricks between the laser-interaction point and the spectrometer. In this way, low-noise detection of particles was demonstrated for an optimized Thomson spectrometer placed at ~50 cm distance from the laser interaction point, in recent experiments at GSI laser (100 J, ~1019 W cm−2, 750 fs pulses) [67].

• Electrons. Considerations similar to what was discussed in the previous paragraph apply also to electrons. For those of lower energy (up to several tens of keV), a permanent magnet can be placed in front of the spectrometer pinhole. This will cause low-energy electrons to be deflected in the region between the two concentric pinholes, and then to not enter the spectrometer [60]. This will decrease the background noise caused by their bremsstrahlung when stopped by the internal spectrometer surfaces.

• EMPs. In high-energy and high-intensity laser-matter interaction, it is well-known that radiofrequency-microwave EMPs are produced, that their intensity can be very high, and that it increases strongly by approaching the target [55]. This is the main reason why Thomson spectrometers used in these experiments often present traces that appear to be sinusoidally modulated parabolas, as it is possible to observe in ref. [24]. This usually makes the different traces to superimpose in the detector plate, especially at the higher energies. This problem is usually much bigger in those experiments where the expected number of fusions is low, and thus the spectrometers should be placed as close as possible to the target, as in the cases described in refs. [20, 25, 26]. Careful design of such spectrometers is thus required in order to minimize at most the EMP coupling to the deflecting region of the device and its drift unit. Thick conductive walls for the spectrometer and filtering and double shielding for any cable reaching the device are common issues. Examples of this for low-rate fusion reactions are shown in refs. [60, 68].

Generally speaking, shorter distances to the target mean larger angular spread of the incoming beam, which requires improved design and calibration of the spectrometers [60, 63, 65, 69], since the particle propagation will no longer be ideally normal to the fields [70].

Magnetic fields of about 1 T or less are commonly used in laser-matter experiments and easily achieved either with permanent magnets or with electromagnets. With common vacuums in high-power laser systems (~10−5 mbar), the electric fields are limited to a few tens of kV/cm to avoid breakdowns, which can produce serious permanent damages to the electrode structure. According to these values for the B and the E fields, whenever larger deflections are required to have good trace separation, longer electrodes are needed. This implies large dimensions of the device that can be a problem for the spectrometer positioning close to the target.

From these considerations, it follows that Thomson spectrometers suitable to detect products of low-rate fusion reactions should have the following features:

• high electric and magnetic fields, for a suitable trace separation at high energies;

• large pinholes, for improved solid angle of detection;

• positioning as close as possible to the interaction point;

• careful shielding for ionizing electromagnetic radiation and electrons;

• careful EMP shielding and particle trajectory characterization.

Certainly, Thomson or even simple magnetostatic or electrostatic spectrometers are useful to give a description of the emitted alpha spectrum and provide a suitable spectrum of protons and heavier ions involved in the interaction, for the detailed characterization of the reaction conditions [1, 21, 22, 24]. The pumping system in the vacuum chambers is well-known to induce the deposition of hydrocarbon impurities to the target surfaces. This means that in any laser-matter experiment H and C ions are to be expected and, in intense interactions, fully stripped C ions are commonly produced [57, 58]. This is an important issue, because they have the same charge-over-mass ratio of the alpha particles, and then they will be superimposed on the same trace. Alphas will have on this trace the same position of 12C6+ ions having three times their energy, according to the ratio of their charge states [60]. Figure 1B shows that the maximum α contribution is for energies higher than ~2.5 MeV. Thus, a significant superimposition with C ions will be achieved only if the latter have energies higher than ~7.5 MeV. This may be not an issue in nanosecond laser-matter interactions, where such energetic C ions are may be not present, but in some conditions such energies may be reached for energetic ps or fs laser interactions. In such cases, a discrimination between these two contributions may be performed, for example, by using CR39 track detectors, since the respective traces have diameters in ranges that are fairly distant, as shown in Figure 5 [53]. Anyway, this is possible only if the trace is not saturated, i.e., if there are not too many particles, so that the different tracks are clearly separated. This is not very common, especially if the detection is at an angle close to the target normal. Similar considerations apply also for fully stripped B ions, since their trace will be very close to that of alphas.



Use of Time-Of-Flight Detection

Time-of-flight schemes may be applied to the detection of fusion products in p+11B reaction [22, 23, 63], with some intrinsic limitations. In this technique, information on particle velocity is sensed by the detection of the time of arrival at some distance from the target. This must be detected together with the reference of the time of laser-matter interaction. This information is commonly achieved on the same measurement because detectors commonly used in these schemes are sensitive also to the emitted UV–X-rays. The velocity resolution is given by the overall time resolution of the detection scheme divided by the target-detector distance, where the overall time resolution accounts for that of the detector (usually in the nanosecond order in classical Diamond or SiC Detectors), and that of the employed hardware (oscilloscopes, long cables used for connections) [37, 71–73]. To overcome the limitations due to the time resolution, one needs to place the detector at some distance from the interaction point. However, this, in turn, reduces the covered solid angle, and thus the sensitivity.

The main issue is that, whenever using TOF schemes in laser-matter interactions, in general there is no discrimination on particles but only on their velocities. For this reason, the difficulties on application of TOF methodologies to the detection of low-rate fusion products in the p+11B reaction are due to the possible simultaneous arrival of alphas and other ions (mainly protons) to the detector. According to the energy spectrum shown in Figure 1B, the generated alpha particles have E1 = 5.7 MeV maximum energy. Thus, they can be simultaneously detected with protons having energy up to Emax−p = E1*mp/mα = 1.425 MeV, where mp and mα are the proton and alpha masses, respectively. The application of suitable filters (such as Al foils, for example) can definitely be beneficial to minimize the simultaneous contribution of B and C ions but will be not effective for protons, unfortunately. In fact, Figure 3B shows that, to some extent, the range of protons in Al is roughly that of alphas multiplied by the same mp/mα term. So, a filter cutting up to 1.425 MeV protons will also cut the whole alpha spectrum. Moreover, the number of alphas produced will be usually much lower than protons, due to the low-cross section of the reaction, and any possible modulation on the proton signal due to the alpha contribution is expected to be very small and thus barely visible and not recognizable.

One possible way to use the TOF technique effectively is to couple it to a suitable Thomson spectrometer with electric and magnetic fields high enough to give the proton trace not superimposed to that of He2+ ions, at least up to 1.425 MeV proton energy. In this way, a clear spectrum of the incoming protons, and of their maximum energy Emax−p, will be achieved. According to the spectrum of Figure 2B, a clear discrimination of alphas by TOF can occur, for example, if the main alpha peak, starting in Figure 2B at Eα ~ 3 MeV, will have no time superimposition with protons, and this means Emax−p ≤ 750 keV. In this or in similar cases, alphas will be the fastest particles and will clearly be detected by the TOF technique [22]. But this sets limits on the type of laser-matter interaction where this approach can be used and/or on the direction of detection. It will hardly be applicable to scheme 2, and in general, it may be used in experiments of scheme 1 where the maximum proton energy will be lower than ~750 keV, so for not very high laser intensities [20, 22, 23].

In these few conditions, there is still the drawback of the small solid angle covered. It is possible to deal with it somehow by placing the TOF detector as close as possible to the target, at some expenses of the energy resolution, and provided that the detector is very well-shielded against intense EMPs, as discussed in section Use of Thomson Spectrometers, which is not an easy issue [72]. Moreover, it is possible to develop large-area detectors such as those based on fast scintillators, which can lead to improved sensitivity of the technique and to a suitable compromise with resolution [74].

Besides the detection of alpha products, the TOF technique is certainly useful in this type of experiments to give important information on the maximum energies of generated protons [25, 37].



Indirect Estimation of the 11B(p,α)2α Reaction by Detecting Products of Different Simultaneous Reactions

One of the important and appealing features of reactions such as p+11B is that they release only alpha products. On the other hand, as discussed, there are many difficulties in directly detecting them. In some cases, it is indeed possible to obtain information on them from the study of other reactions occurring in the same experiment and generating products different from alphas, that can be detected more easily.

Moreover, in principle, it might be possible to get a link between the number of products from these side reactions and the number of p+11B → α reactions which were simultaneously obtained, and so a possible estimation of the yield.

11B is present in about 80% of natural B, the remaining being 10B. Thus, if in the experiment where the p+11B reaction is meant to occur, natural B is used instead of 11B, according to the laser-matter parameters there is some probability that the reaction 10B(p, α)7Be may take place simultaneously to the expected 11B(p, α)2α one, with a cross-section smaller than 11B(p, α)2α. The released radioactive 7Be has a half-life of 53.22 days [75]. By electron capture, the nucleus of 7Be decays to the 3/2− ground state of 7Li directly with a branching ratio of 89.5% and to its first excited state with a 10.5% ratio, which decays subsequently to its ground state by emitting 478 keV gamma rays [76]. So, the important difference and the great advantage of this reaction is that the associated gamma signature from 7Be, collected from the residues of the target and its stalk after the interaction, can be detected more easily than alphas, for example by classical high sensitivity gamma detectors. From these measurements, it can be possible to obtain information firstly on the correct operation of the designed scheme. As an example of this technique, ~478 keV γ-rays were detected by means of a high purity germanium semiconductor detector on samples collected after a certain number of laser shots at the ABC laser facility, in scheme 1 of Figure 2A, on natural-boron-doped plastic targets at ~3 × 1015 W cm−2 laser intensity [20].

Another possible option is, for instance, to dope pB targets in scheme 1 with deuterium at a known concentration. In the plasma, D-D fusions will be achieved, and the corresponding neutron yield will be measured more effectively than alphas. This information will put constraints on the number of fusion reactions occurring in the simultaneous p+11B processes.

An interesting feature of the mentioned p+11B and p+10B simultaneous reactions, when using natural boron targets, is that in case the alpha products of the p+11B and the gamma emission due to p+10B are both determined with good accuracy, the ratio of the yield coming from the two of them can give estimation of the effective temperature of the plasma where the reactions took place. Figure 8 shows the reaction-rate ratio corrected for concentration for the reactions p+10B and p+11B, with rates taken from the NACRE compilation [77]. A similar method was successfully applied to determine the plasma temperature in a laser-cluster fusion experiment at the Texas Petawatt laser from the ratio of the rates of two different nuclear reactions occurring in the plasma at the same time: D(d,3He)n and 3He(d, p)4He [14].


[image: Figure 8]
FIGURE 8. Reaction-rate ratio for the reactions p+10B and p+11B, corrected for the concentrations. The reaction rates are taken from the NACRE compilation [77].


Another useful reaction is 10B(p,γ)11C, releasing the radioactive 11C, with a half-life of 20.364 min. The decay is normally due to positron emission, 11C → 11B + e+ + νe + 0.96 MeV [78, 79]. Also in this case the gamma emission can be an important observable.

Moreover, it is interesting to note that the interaction of protons and 11B can generate 11C through the nuclear reaction: p + 11B → n + 11C – 2.9 MeV [9]. This was used in ref. [21] to estimate the number of protons with energy higher than 5 MeV reaching the target in scheme 2 of Figure 2B after laser-plasma acceleration.




DISCUSSION

Several methods that can be used for the possible detection of p+11B fusion-reaction products were here discussed, outlining their actual application to this purpose and the limitations with respect to the different scenarios. The difficulties of this task and the actual uncertainties on the use of one method or the other have been highlighted. The result is that the unique detection of the alpha particle products given by the reaction is not accomplished normally using a single detection technique, but the simultaneous use of different techniques is required. The actual number and type of diagnostics and their configuration may differ, also of a large extent, for each of the different possible experiments included in schemes 1 and 2.

The considerations here developed apply not only to the p+11B reaction, but, in general, to all the low-rate nuclear reactions producing ions that need to be detected in the context of laser-matter interactions, such as p+6Li and p+7Li [6, 30], to name a few examples. This paper is intended as a general reference for researchers who would like to start getting involved with the difficult issue of experiments with low-rate fusion reactions in intense and energetic laser-matter interactions in different scenarios. The research activity on methodologies that can be more sensitive, accurate, and can give more precise identification of the low-number of products of these nuclear fusion reactions is still very open and is the actual key for enabling the important possible use of these laser-initiated reactions as localized sources of alpha particles, for example, for medical applications [27–29] or for studies of astrophysical interest [16, 17, 20, 30, 31], besides of course the possible future applications in new-generation inertial fusion energy plants [6, 12, 13].
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