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The target normal sheath acceleration is a robust mechanism for proton and ion acceleration from solid targets when irradiated by a high power laser. Since its discovery extensive studies have been carried out to enhance the acceleration process either by optimizing the laser pulse delivered onto the target or by utilizing targets with particular features. Targets with different morphologies such as the geometrical shape (thin foil, cone, spherical, foam-like, etc.), with different structures (multi-layer, nano- or micro-structured with periodic striations, rods, pillars, holes, etc.) and made of different materials (metals, plastics, etc.) have been proposed and utilized. Here we review some recent experiments and characterize from the target point of view the generation of protons with the highest energy.
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1 INTRODUCTION
The record high electric fields ([image: image] V μm−1) produced by ultra-high power lasers is a key feature that is being exploited for acceleration of sub-atomic particles [1]. In an unprecedented effort in the last 2 decades or so, many groups have been striving to push the limit of proton acceleration beyond the 100 MeV threshold. The highest energy attained so far is at about 94–98 MeV [2, 3]. Breaking this barrier opens up a full range of potential applications, just to mention a few, from nuclear fusion to radiography, or to medical use in tumour therapy. In the latest case one essential requirement is the proton kinetic energy in the few hundred MeV range (at an optimum of 250 MeV for deep tissue penetration), along with several other beam parameters that need an improvement such as an optimized energy spectrum range that can be adequately fitted to the required tissue penetration and a much lower divergence than it is currently obtainable. The majority of early experiments have been carried out with flat foil targets. The acceleration mechanism at work was identified as the target normal sheath acceleration (TNSA) in which the electrons accelerated by the laser pulse pass trough the target and create a spatial charge very close to its rear side [4]. The temperature of the escaping electrons resulted from the produced plasma was found to be a key parameter in the process.
Scans in both laser parameter space and target thickness have been carried out in order to identify the optimum acceleration regime [5, 6]. One of the main laser parameter is the pulse duration which has been decreased over the years from picosecond level to 20–30 fs. This has been possible due to the chirped pulse amplification (CPA) technique invented by D. Strickland and G. Mourou [7]. It appeared first that a threshold in proton energy at around 60 MeV was difficult to overcome [6]. A breakthrough has been possible when the geometry of the target was changed: a flat-top cone target with the large opening aimed towards the laser pulse proved to produce higher energy protons than an equivalent flat target, at the same laser parameters [8]. These early findings clearly demonstrated the role of the hot electrons, in this particular case of the electrons trapped from the cone surface and heated up to higher temperature by direct laser acceleration.
It was shown that the “p” polarization state of the laser pulse is more favorable to electron heating than the “s” polarization, as a resonant absorption takes place with the outermost surface electrons embedded in the prepulse plasma oscillating early in the incident laser field [9]. Reflection of the laser pulse by the plasma found at the critical density and the implicit loss of incident power is another key factor in this equation [10]. In the quest to provide a unitary solution to all these aspects, i.e., more intense heating of electrons, inward reflection of the laser light and higher density surface electrons, different morphologies have been considered: nanospheres, nanorods, micropillars, foams or gratings embedded in the target surface. In the following we attempt to capture how the morphology of the solid target and its composition is transposed into higher proton energy, taking into consideration also the laser parameters.
To know the end result of using a particular type of target is of paramount importance for ELI-NP as its experimental areas become gradually operational and soon proton and ion acceleration experiments will be carried out [11, 12]. There are two experimental areas dedicated to irradiation of solid targets with laser pulses peaked at 1 PW (in E5 area) and 10 PW (in E1 area), equipped with focusing mirrors with short focal length having f/3.5 and f/2.7, respectively, with a full beam diameter of [image: image] and [image: image] cm, respectively. Also a target laboratory is available at ELI-NP where targets can be designed and fabricated in-house [13].
In this paper we review from the literature the results of using different target morphologies in terms of maximum obtained proton energy without examining the peculiarities of the TNSA mechanism, nor the related energy scaling laws [6, 14–17]. We focus on foil targets with thickness in the micron range, on micrometer size spherical targets, on micro- and nanostructured targets with surface features at/or below the 1 μm level, and on conical targets with characteristics (such as the large cone opening) which extend well beyond 100 μm. Most of these targets are made of metals (Al, Ag, Au, Cu, Fe, Mo, Pd, stainless steel, Sn, Ti), plastic (dielectric) and other non-metallic materials. Our review is rather intended as a guide among the multitude of reported results and can possibly become the premise of a subsequent more elaborate study. We do however mention the main features of the utilized experimental setups and findings. This approach will help us identify some trends in target fabrication and give us a rough estimate on what to expect upon irradiation with ultra-short laser pulses.
2 TNSA MECHANISM OF PROTON ACCELERATION
We review very briefly a few basic characteristics of the TNSA mechanism for proton and ion acceleration by high power laser pulses on flat targets. The focused laser in a spot of the order of a few microns with intensity above 1018 W cm−2 ionizes the target and accelerates the electrons to relativistic energies (in the 100’s keV to MeV range) via the ponderomotive force. These “hot” electrons cross the target, exit from the opposite side and create a spatial charge near the back surface. A sheath forms at the back of the target with a spatial scale of 1–10 μm within a time period in the ps range. The intense electric field created inside this sheath is [image: image], where Thot is the temperature of the hot electrons, [image: image] is the Debye length (or the plasma screening length) and ne is the electron density [4]. For kBThot = 1 MeV, ne = 3 × 1019 cm−3, λD = 10−6m and we obtain Es ∼ 1012 Vm−1. If electrons with energy 1 MeV flow through a simple Al foil (with no laser irradiation), their combined radiative and collisional stopping power is of order 0.4 keV μm−1 [18]. This situation changes as the target becomes a fully ionized plasma during laser irradiaton and the dynamics of electron acceleration is affected by the creation of the opposed sheath electric field at the back of the target which leads to the generation of return currents [19]. It has been shown that the stopping power of an Al plasma can be several times higher than that of a simple Al foil, for hot electrons [20–22].
The atoms on the back side of the target become fully ionized by this high field Es and the protons coming from surface contaminants (such as H2O or hydrocarbons compounds found in the oil of vacuum equipments) and target ions are swiftly accelerated within this sheath region. One can see straightforwardly that the field increases if electrons are hotter, the plasma becomes denser and the Debye length is reduced. The electron temperature consistent with the scaling of the ponderomotive force is proportional with the laser intensity I and wavelength λL [23, 24]: [image: image]. Thus for a laser with λL = 800 nm and I = 2 × 1019 W cm−2 one obtain an electron temperature kBThot = 1.13 MeV.
Another aspect which is less stringent for thick targets (of order of tens of micrometers) but extremely important for very thin (≲ 1 μm) or nanostructured targets is the irradiation by the prepulse due to amplified spontaneous emission. The intensity achieved during prepulse irradiation has to be well below the ionization threshold ([image: image] W cm−2) in order to not affect the integrity of the target or ionize it before the arrival of the main laser pulse [25, 26]. A common technique for lowering the prepulse and increase the contrast (i.e., the ratio between the pulse and its prepulse at given moments in time, from ns to few ps) is the reflection of the main laser pulse off a single or double plasma mirror, which could come at the expense of lowering its peak intensity (e.g., up to 20%) [27, 28]. Still, the prepulse can be used to good advantage to enhance ion acceleration if it is produced in a controllable manner, with defined duration and intensity [15].
3 TARGET CHARACTERISTICS
3.1 Metallic Targets
Aluminum is one of the most common materials used for target fabrication. Some of the first reported results were obtained with Al thin films [29–32]. The reported maximum energy of protons is shown in Figure 1, depending on the target thickness and laser intensity in (A) and on pulse duration in (B). The typical target thickness varies from bellow 1 μm to few 10’s μm and even several 100’s μm. In Figure 1A one can distinguish between two groups, depending on the peak energy value. The first group is characterized by a high laser intensity [image: image] W cm−2 μm2 [3, 5, 29, 31, 33–40]. In this group the peaks have consistently higher energy, between 18 and 50 MeV, with a few exceptions at 5, 10, 11 and 12.6 MeV [35, 38–40]. The second group is positioned below the value [image: image] W cm−2 μm2 [30, 32, 41–45]. Interestingly, all maximum proton energies of the second group are lower by an order of magnitude, between 0.6 and 4.8 MeV.
[image: Figure 1]FIGURE 1 | Maximum energy of protons accelerated from targets made of Al foil with the corresponding reference (as given in the legend for all data points): 50 MeV [3, 38], 43 MeV [34], 40 MeV [36, 37], 35 MeV [31], 30 MeV [3], 28 MeV [37], 20 MeV [5], 18 MeV [29],12.6 MeV [38], 11 MeV [40], 10 MeV [39], 5 MeV [35], 4.8 MeV [42], 4.5 MeV [44], 4 MeV [41, 43, 45], 3.5 MeV [41], 2 MeV [32], 1.5 MeV [30], 0.6 MeV [43] in (A) vs the product of laser intensity and squared laser wavelength I[image: image] and target thickness, and (B) vs laser pulse duration and target thickness. The color of the data points is according to the contrast of the laser beam shown in the color bar. The contrast values are given in the above references, typically for a few picoseconds or tens of picoseconds before the main pulse.
Based on pulse duration we can see in Figure 1B three groups of results: for pulses ≲45 fs, between 100 and 320 fs, and those near the 1 ps level, at 0.7–0.9 ps. It appears that a higher laser intensity associated with longer pulses (in the few 100’s fs) led to higher proton maximum energies, above 20 MeV. However, there are two high peak values obtained for short pulses (i.e., at 40–45 fs) which stand out: 28 MeV, for a 2 μm thick foil [37] and 40 MeV for a 0.6 μm thick foil [36]. In these two cases the contrast was 10−10. Concerning the dependence of proton energy on the pulse duration, Zeil et al. showed a linear scaling of maximum proton energy with the laser intensity for short pulses, in the tens of fs, and a square root scaling with laser intensity for longer pulses, with duration in the several hundred fs duration and up to 1 ps [15]. From the contrast point of view the highest cut-off energies are obtained with a contrast better than 10−7, regardless of the target thickness.
Targets made of other types of metals have been tested as well, as shown in Figure 2. Results obtained at different facilities by employing foils of Au [8, 46–50], Ag [51], Cu [51–53], Fe [54], Mo [6], Pd [35], stainless steel (SS) [36, 55], Sn [56], Ti [28, 49, 57–59] are plotted against [image: image] and the foil thickness. A central group of relatively high energy values for different types of metallic targets (Mo, Au, Cu, Ti, Sn) appears in a parameter space characterized by an intensity [image: image] W cm− 2μm2 and target thickness between 4 and 50 μm. It seems that no energy increase is evident with a particular type of metal. The peak energy is obtained with Mo, Au, Fe and SS targets. With a measured top proton energy near 60 MeV, the flat metallic targets considered in Figures 1 and 2 do not lead to the record proton energies, as it is shown in the followings, where other types of target material are considered. Nevertheless they constitute a very useful tool for benchmarking the main laser pulse features and the diagnostics for proton and ion beam characterization. As in the case of Al targets the highest cut-off energies are obtained with a laser beam contrast better than 10−7.
[image: Figure 2]FIGURE 2 | Maximum energy of protons accelerated from targets made of different metals as follows: Au (50 MeV [50], 28.4 MeV [49], 25 MeV [46], 19 MeV [8], 17.5 MeV [48], 13 MeV [47]), Ag (7 MeV [51]), Cu (20 MeV [53], 8 MeV [51], 1.3 MeV [52]), Fe (42 MeV [54]), Mo (58.5 MeV [6]), Pd (10 MeV [35]), stainless steel-SS (40 MeV [36], 30 MeV [55]), Sn (18 MeV [56]) and Ti (28.4 MeV [49], 9 MeV [28], 8 MeV [57], 7.5 MeV [58], 4 MeV [59]) vs the product of laser intensity and squared laser wavelength I[image: image] and target thickness. The data points are colored according to the contrast of the laser beam shown in the color bar. The contrast values are given in the above references, typically for a few picoseconds or tens of picoseconds before the main pulse.
3.2 Dielectric and Non-Metallic Targets
In order to maximize the protons flux obtained from a target and not rely solely on its inherent surface contaminants rich in H atoms, including here water vapours or other compounds (e.g., alcohol), a straightforward solution was to fabricate the targets out of materials containing a high density of C-H bonds. Typical materials are those made of plastic. Examples are foils made of parylene-N [image: image], polyethylene (C2H4)n, polystyrene or PS (C8H8)n often abbreviated as CH, Mylar or PET (C10H8O4), Kapton (C22H10O5N2)n, polymethyl methacrylate or PMMA (C5O2H8)n, polymethylpentene or PMP (C6H12)n, also known as TPX, etc, or liquid targets that can be well manipulated in terms of thickness and surface and are compatible with high vacuum. Other tested non-metallic materials were C, Si and SiN.
One of the first results which stood several years as a record for proton energy at 58 MeV was obtained using a 100 μm foil made of PS [1]. In Figure 3 we present results obtained with targets made of different plastic foils: PS [1–3, 24, 60, 61], Mylar [32, 62–67], PMP [50], Kapton [68], SiN [65, 69], amorphous Carbon [70], synthetic diamond (CVD) [38], liquid crystals-8CB [71], and a pure Si substrate [72].
[image: Figure 3]FIGURE 3 | Maximum energy of protons accelerated from targets made of plastic or insulating sheet: (A) vs the product of laser intensity and squared laser wavelength I[image: image] and target thickness, and (B) vs laser pulse duration and target thickness. Different types of plastic materials are considered: PS (68 and 98 MeV [3], 80 and 90 MeV [61], 60 MeV [2], 58 MeV [1], 40 MeV [24], 8 and 9 MeV [60]), Mylar (24 MeV [67], 10 MeV [32], 9 MeV [65], 5.5 MeV [64], 3.5 and 4.5 MeV [66], 2.2 MeV [62], 2 MeV [63]), PMP (77 and 85 MeV [50]), Kapton (3.8 MeV [68]), as well as some types of insulating or semiconductor materials such as SiN (13 MeV [65], 3 MeV [69]) synthetic diamonds (CVD) (23.3 MeV [38]), amorphous Carbon (a-C) (17 MeV [70]), liquid crystal (LC) (18 MeV [71]) and pure Si (21 MeV [72]). The data points are colored according to the contrast of the laser beam shown in the color bar. The contrast values are given in the above references, typically for a few picoseconds or tens of picoseconds before the main pulse.
In Figure 3A we can distinguish two groups well separated by the value of Iλ2: below 4 × 1019 W cm−2 μm2 and above 1020 W cm−2 μm2. In the first group the target thickness varies over a wide range, from [image: image] to [image: image]m, while the proton maximum energy is relatively low, between 2 and 10 MeV. The second group features much higher proton energy, up to 98 MeV. The thicknesses that lead to the highest proton energy ([image: image] MeV) appear to be between [image: image] nm–1.5 μm [2, 40, 50, 61]. These results have been obtained at intensities in the range 1020–1.5 × 1021 W cm−2 μm2. Bellow the 1 μm threshold for target thickness the onset of the relativistic induced transparency (RIT) regime [2] and radiation pressure acceleration (RPA) mechanism [10] have to be accounted for, in combination with the TNSA mechanism.
The higher proton energy reported for plastic targets, with several peaks surpassing 60 MeV [3, 50, 61] can be due to the increased coupling of the laser light into the target as demonstrated by Geng et al. [73]. When plotted against the pulse duration, the results are again well separated, most high peaks being obtained for pulses longer than 400 fs, as shown in Figure 3B. For ultrashort laser pulses, in the tens of femtoseconds, the record proton energy is 24 MeV for a target made of Mylar with a thickness of 0.7 μm [67]. The contrast of the peak cut-off energies is better than 10−8, although relatively high proton energies are obtained with thick targets and low contrast, of order 10−4 − 10−5.
3.3 Conical Targets
The first results were reported on the TRIDENT laser at Los Alamos by K. A. Flippo et al. using a flat-top conical target [8]. They showed a proton cutoff energy of 30 MeV, compared to 19 MeV for its counterpart, a thin gold foil with 10 μm thickness. The laser intensity was 1.1 × 1019 W cm−2, the energy in the beam was 18.7 J, the pulse duration was [image: image] fs, and the contrast was 10−7 at the central wavelength 1.054 μm. The conical target was also made of Au with a flat top diameter 100 μm and wall thickness 10 μm, having a neck at the apex of 20 μm, a large opening of [image: image]m and a length 200 μm.
Later on, in another series of experiments at the same laser facility, this time by utilizing cone targets made of Cu, the proton cut-off energy was higher, at 67 ± 2 MeV [74]. The laser intensity was an order of magnitude higher 1.5 (±0.5) × 1020 W cm−2, while the laser had an energy 82 ± 15 J and a pulse duration 670 ± 130 fs. The contrast was 10−9 at 80 ps before the main pulse. The target had the flat top diameter of 290 μm and wall thickness 12.5 ± 2.5 μm, a neck of 160 μm, an opening about the same size as the top, and a height of 100 μm.
The results of cone target experiments are presented in Figure 4 [8, 74–76], referenced to the large opening of the cone which is in the 10s or 100s of μm. Flat-top cones with smaller openings, ranging from 20 to 90 μm produced protons with maximum energies in the 1–10.5 MeV range, with the top hat foil diameter betwen 30 to 300 μm [75]. Foord et al. obtained 17.8 MeV by using as target a spherical shell with thickness 10 μm and radius 300 μm attached to a large empty cone made of Al [76]. In all presented cases above the wall of the cone had a relatively similar thickness, 10 to 12.5 μm.
[image: Figure 4]FIGURE 4 | Maximum energy of protons accelerated from targets with different morphology vs the product of laser intensity and squared laser wavelength I[image: image] and target thickness. “cone” refers to flat-top cones (67 MeV [74], 30 MeV [8], 17.8 MeV [76], 1, 9.5 and 10.5 MeV [75]), “NSTR” means nano- and microstructured targets having nanowires (4.8 and 5.6 MeV [88]), micropillars (24 MeV [72], 13 and 19.5 MeV [51]), microtubes (50 MeV [89]), nanochannels (6 MeV [59]), nanoholes (6.7 MeV [90]), “NSP” refers to nanospheres (5, 7.5 and 8.6 MeV [92], 3.5 and 4.5 MeV [66], 3 and 3.6 MeV [69]) and nanoparticles (3.7, 5 and 50 MeV [91]) embedded onto the surface, “DL” describes a target made of a double layer (1.5 MeV [93], 17 MeV [38]), “NSP + DL” describes a combination of double-layer and nanospheres embedded onto the surface (31 MeV [67]), “foam” refers to target consisting of a foam on top of a flat layer (29 MeV [95]), foam + DL refers to foam on a double layer (60 MeV [96]), “grating” describes the grating-like surface of the target (1.5 and 7 MeV [97], 5 MeV [98], 2.3 MeV [69]), “LIPSS” refers to a target which features periodic structures on the surface obtained by laser engineering (6.1 MeV [28]), and “sphere” refers to droplets or spherical targets (40 MeV [82], 25 MeV [87], 8 MeV [86], 6.5 MeV [85], 3 MeV [84], 1.5 MeV [83], 1 MeV [81], 0.6 MeV [80]. The “size” refers to the overall thickness of the substrate. The data points are colored according to the contrast of the laser beam shown in the color bar. The contrast values are given in the above references, typically for a few picoseconds or tens of picoseconds before the main pulse.
The main benefits of cone targets appear to be an increased confinement of the laser light inside the cone and a more effective generation of hot electrons from the inner cone walls. In fact, numerical simulations have shown that inside a conical target the internal reflections of the laser beam towards the cone apex leads to a smaller focusing spot which increases the laser intensity with orders of magnitude, and also the electron density increases due to surface electron induced-flow [77, 78].
3.4 Spherical Targets
The idea of using a target with a limited size also known as “mass-limited” which can lead to an improved confinement of the deposited laser energy was first tested by Buffechoux et al. [79] who showed the generation of a more uniform plasma sheath connecting both sides of a thin foil target (facing and opposed to laser irradiation). They demonstrated a threefold increase in proton energy at an intensity of 2 × 1019 W cm−2, explained by the propagation of a transverse reflux of electrons crossing the edge of the target. A particular category of “mass-limited” targets is that of microspheres with specific structural properties, including here droplets. Levitated spheres or spherical shells with sizes in the micron range have been exposed to high power laser pulses, as shown in Figure 4.
A first challenge is to levitate the sphere in high vacuum in a very stable equilibrium position, with temporal drifts less then a few microns. There are several known techniques such as optical levitation or quadrupole trapping. In the first case the radiation pressure provided by an auxiliary laser beam is pointing upward, compensating for the target weight and trapping is realized in the focal spot by the ponderomotive force. In the second case the configuration of the electric field between 4 quadrupoles is such that the target is levitated at mid distance from the poles, along the axis of the trap [80, 81]. It should be emphasised that one advantage of such a target configuration is its physical detachment from any support. Thus, during the laser shot the electron flow between the target and the chambers walls wich arises to equilibrate the expelled charges during the acceleration phase is prevented. This can possibly lower the generation of giant electromagnetic noise pulses.
Polystyrene spheres and hollow spheres covered with PMMA, having a 1 μm diameter, produced proton cut-off energies up to [image: image] MeV at the PHELIX laser facility [82]. The pulse had an intensity 7 × 1020 Wcm−2 in a spot with [image: image]m in diameter by focusing a fraction of the full energy 150 J delivered within 500 fs. A particular feature was the very narrow energy spread of the proton bunch at FWHM, of order of 10% or less, probably due to a much more localized plasma, in a volume with a radius [image: image]m. Here the results have been explained by including in the model the Coulomb repulsion between the protons and the microparticle ions. A much lower proton energy, in the range 0.6–1 MeV, has been demonstrated by Sokolik et al. [80, 81] by using water and glass droplets with a larger size (≳ 11 μm) and a laser intensity 1018–1019 W cm−2 with a pulse duration of 45–60 fs and temporal contrast 10−7 − 10−8. Water droplets have also been used in experiments by Schnürer et al. [83] and Becker et al. [84]. In [83] protons were accelerated up to 1.5 MeV at a laser intensity 1019 W cm−2 from 20 μm droplets, while in [84] 3 MeV protons were obtained with a frequency doubled pulsed laser at λ = 400 nm and intensity 4 × 1019 W cm−2 from free falling water droplets with a mean diameter of 40 μm. Glass micropsheres coated with a 50 nm silver layer having 50 μm in diameter generated 6.5 MeV protons at 3 × 1019 W cm−2 [85]. Microspheres made of plastic (PMMA and PS) have produced protons with 8 and 25 MeV, respectively. In the first case their size was 15 μm and irradiated by a pulse with 1020 W cm−2 [86], while in the second case the spheres had 10 μm in diameter matching the laser focal spot and were exposed to an intensity of 2 − 3 × 1020 W cm−2 [87].
3.5 Nano- and Micro-Structured Targets
A paradigm shift has been seen in the last years in the target morphology, from simple flat foils to micro- and nano-structured targets presented in several reports, in order to highlight the benefit of the latests. Targets consisting of nanowires [88], micropillars and microtubes [51, 72, 89], nanochannels [59], nanoholes [90], flat foils embedded with nanoparticles [91] or with nanospheres [66, 69, 92], double layers made of different materials [38, 93], a combination of double-layer and embedded nanospheres [67], foams [94–96] and flat foil with grooves or micro-gratings [28, 69, 97, 98] have already been tested. The results reported with these types of targets are presented also in Figure 4. This transition has been determined by the need of optimized laser absorption in the created plasma, more controlled heating of the electrons in order to reach higher accelerating fields, and the availability of equipments and techniques that can deliver such interconnected small parts. One prerequisite for the use of such targets is a good contrast of the laser pulse, otherwise the prepulse can ionize and wash away the spatial features of the target surface when the main pulse arrives. The optimum range is at least beyond 10−9 [59] and goes up to 10−11‥10−12 [72] by utilizing two plasma mirrors.
There are several interesting comparisons between flat foils and micro- or nano-structured targets. Some recent results with flat foils (made of metals or plastic) have been included in the previous subchapters, and in Figures 1, 2, and 3. In several studies it is demonstrated that the maximum proton energy increases with the use of these types of targets. Vallierres et al. (2019) obtained 50 MeV for a surface embedded with Ag and Au nanospheres on an Al foil compared to 40 MeV for the bare surface, at an intensity of 5 × 1020 W cm−2, and 5 and 3.7 MeV against 3.1 MeV for the same comparison (with Au and Ag nanospheres, respectively) but at a lower intensity 3 × 1019 W cm−2 [91]. A maximum proton energy of 5.6 MeV has been obtained for a target featuring nanowires on a Cu surface compared to 3.2 MeV for a flat target in [88], and 6.1 MeV for a periodic striated Ti target compared to 5 MeV for the simple Ti foil in [28]. Ebert et al. showed an increase [image: image] vs 21 MeV by employing a surface structure covered with Si cones, each with a base width of 5 μm and height 15 μm, having a “forest-like” aspect [72].
On the other hand there have been also a few reports which did not show an enhancement of the maximum proton energy in spite of the use of nanostructured targets. In [69] it is shown that the use of a SiN membrane with grating structure decreases the proton energy to 2.3 MeV from the reference 3 MeV obtained with a bare foil, at a laser intensity of 6 × 1019 W cm−2. Floquet et al. did not see any improvement above 4.5 MeV obtained by employing a mylar foil (0.9 and 20 μm in thickness) embedded with PS nanospheres having 471 and 940 nm in diameter at a laser intensity 2.8 × 1019 W cm−2 [66].
In [72] it is shown also that the flux of protons increases by a factor of 4.4 by using the micro-structured target, exposed to laser pulses with energy 160 ± 30 J, pulse duration 1 ± 0.1 ps, contrast 10−11 achieved by employing a double-plasma mirror, and peak intensity 2 ± 0.1 × 1020 W cm−2 in a 10 μm round focused spot. The reference result was provided by a flat Si foil with 25 μm thickness. A tremendous increase by an order of magnitude was seen in the later case in the intensity of emitted X-rays, i.e. of the full spectrum and of the Kα line.
As opposed to the bare thin foils, the nanostructred targets due to their low density structure can lead to the formation of a controlled near-critical plasma layer on the illuminated side, allowing the laser pulse to penetrate deeper into the target. This can favor an enhanced laser energy absorption within a larger plasma volume and a more efficient heating of the electrons, improving the conditions for ion acceleration. In fact, in the experiments with foam targets the plasma formed at the top of the foam covering either a foil or a double layer stayed slightly under-dense [95, 96]. These conditions can be used for accessing the collisionless shock acceleration regime as a potential mechanism for achieving higher cut-off energies.
3.6 Narrow Pulse Duration Range and Different Targets
A comparison of all previously discussed types of targets is shown in Figure 5, but for only a narrow pulse duration range ([image: image] to 45 fs). The wavelength in all these cases is 800 nm. The trend of proton energies is as in the previous presented cases with two groups emerging depending on the laser intensity, as shown in Figure 5A. In the lower intensity group (≲ 4 × 1019 W cm−2) the cut-off values are close, regardless of the target shape or type, with most of them in the few MeV range, excepting the 11 MeV peak of a submicron Al target that was obtained at a high contrast 10−10 [40]. Otherwise, at this level of intensities, nanostructuring the surface of the flat foils by adding micro- or nanospheres, or nanowires and nanoholes does not seem to bring any benefit. In the higher intensity range (≳ 5 × 1019 W cm−2) more peaks are observed, with the highest at 60 MeV delivered by a combination of double layer covered with foam [96]. Another peak at 29 MeV is obtained also for a foam target [95], although it is inferior to some Al targets which deliver both 40 MeV [36, 37]. It is worth mentioning that the contrast for all these 4 peaks is high, reaching the top value 10−11 for both foam targets. The double-layer targets perform almost similarly (10 to 20 MeV) at the micron size level or slightly below, and the contrast enhancement (from 10−6 to 10−10) does not seem to improve their performance. In terms of pulse duration (Figure 5B), the foam targets with the highest energies have been operated at 30 fs compared to their Al counterparts at 45 fs. For most of the nanostructured targets the pulse duration was around 30–35 fs.
[image: Figure 5]FIGURE 5 | Maximum energy of protons accelerated from different types of targets: (A) vs the product of laser intensity and squared laser wavelength I[image: image] and target thickness, and (B) vs laser pulse duration and target thickness. The targets are Al foils “Al” (40 MeV [36, 37], 11 MeV [40], 10 MeV [39], 4.8 MeV [42], 4.5 MeV [44], 4 MeV [43, 45], 0.6 MeV [43], dielectric and non-metallic foils “D”, i.e., Mylar (24 MeV [67], 9 MeV [65], 3.5 and 4.5 MeV [66], 2 MeV [63]), Kapton (3.8 MeV [68]), SiN (13 MeV [65], 3 MeV [69]), liquid crystal (18 MeV [71]) and amorphous carbon (17 MeV [70]), nano-and microstructured foils “NSTR” i.e., nanowires (4.8 and 5.6 MeV [88]), nanoholes (6.7 MeV [90]), nanochannels (6 MeV [59]), nanospheres “NSP” (5, 7.5 and 8.6 MeV [92], 3.5 and 4.5 MeV [66], 3 and 3.6 MeV [69]), nanospheres on a double layer target “NSP + DL” (31 MeV [67]), “foam” target (29 MeV [95]), foam with double layer “foam + DL” (60 MeV [96]), and “gratings” (2.3 MeV [69]). The color bar presents the laser contrast for each data point. The contrast values are given in the above references, typically for a few picoseconds or tens of picoseconds before the main pulse.
4 CONCLUSION
A survey of the main proton acceleration results published in the literature is presented, in support of the commissioning of experimental areas at ELI-NP, where solid targets will be irradiated with the 1 and 10 PW pulses. These results are organized according to the target morphology, i.e., geometry and constituents. The main laser parameters such as intensity, wavelength, pulse duration and for some cases the contrast are presented along. This is particularly useful for the sake of comparison, as the 1 and 10 PW pulses at ELI-NP are produced for pulse duration of [image: image] fs. The current trend is towards the use of more sophisticated nano- and micro-structured targets which include different features on their surface such as nano-spheres, nano-rods, nano-holes, micropillars, foams, periodic trenches, etc. It appears that in these configurations the laser energy is converted into proton energy with a higher efficiency. An in-depth knowledge of the target characteristics is thus preferable in order to produce relevant experimental results which can be further compared with existing ones obtained by other groups or with numerical simulations. This study is rather intended as a general guide for target fabrication at ELI-NP which hosts a dedicated and fully equipped laboratory for this purpose. One general conclusion is that there are many opportunities for future experiments, considering the new direction in target fabrication and the advent of the 10 PW beams which are capable of producing intensities one order of magnitude higher than what has been so far utilized.
At ELI-NP, in the first phase (of the commissioning experiments at 1 PW) the laser power will be increased gradually while targets consisting of metallic foils (e.g., Al) will be utilized, with thickness in the few microns range. The goal is to assess the prepulse, the quality of the spot (diameter and the Strehl ratio) and the pointing stability. A plasma mirror is planned to be implemented shortly after in order to test submicron thick targets and to lower the back reflections that propagate to the laser bay. In the next phase, a series of experiments will utilize more advanced targets covered with nanowires and foams or consisting in double-layers, gratings and diamond-like carbon films. The choice is motivated by the high cut-off proton energies and also because of the relative readiness for providing these types of targets. In the multi-PW regime the QED effects such as radiation reaction and pair creation will have to be considered as they can affect the absorption of the laser energy and subsequently the electron heating and ion acceleration.
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