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High performance of laser-driven sources of radiation is in focus of research aimed at the study of high energy density matter, pair production and neutron generation using kJ PW-laser systems. In this work, we present a highly efficient approach to generate an ultra-high flux, high-energy bremsstrahlung in the interaction of direct laser-accelerated (DLA) electrons with a several-millimeters-thick high-Z converter. A directed beam of direct laser-accelerated electrons with energies up to 100 MeV was produced in the interaction of a sub-ps laser pulse of moderate relativistic intensity with long-scale plasma of near-critical density obtained by irradiation of low-density polymer foam with an ns laser pulse. In the experiment, tantalum isotopes generated via photonuclear reactions with threshold energies above 40 MeV were observed. The Geant4 Monte Carlo code, with the measured electron energy and angular distribution as input parameters, was used to characterize the bremsstrahlung spectrum responsible for the registered yields of isotopes from 180Ta to 175Ta. It is shown that when the direct laser-accelerated electrons interact with a tantalum converter, the directed bremsstrahlung with an average photon energy of 18 MeV and [image: image] photons per laser shot in the energy range of giant dipole resonance (GDR) and beyond (≥7.5 MeV) is produced. This results in an ultra-high photon flux of ∼6 × 1022 sr−1·s−1 and a record conversion efficiency of 2% of the focused laser energy into high-energy bremsstrahlung.
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1 INTRODUCTION
Intense x-ray and gamma-ray beams have potential novel applications in many research branches, including nuclear physics and laboratory astrophysics [1–3], proton activation analysis (PAA) in materials research [4–7], radiography of high-energy-density (HED) matter [7], electron–positron pair production [8], and medical isotope production for radiation oncology [9]. In addition, nuclear resonance fluorescence (NRF) studies are attractive for the development of isotope selective techniques [10]. One of the most robust mechanisms of high-energy photon generation is bremsstrahlung (BS) of electrons decelerated in the field of nuclei [11].
Short-pulse laser systems with intensity above 1018 W/cm2 provide great possibilities for generation of pulsed sources of particles and radiation, where laser-accelerated electrons play a major role in coupling of the laser energy to matter. In the laser–plasma interaction, copious amounts of relativistic multi-MeV electrons can be produced, which are accelerated via physical processes that depend on the target design and the interaction conditions. These processes are Brunel effect [12, 13], pondermotive (j × B) acceleration [14, 15], laser wakefield acceleration (LWFA) [16, 17], direct laser acceleration [18–21], stochastic heating [22], etc. When theses relativistic electrons propagate in a high atomic number thick solid target located behind the interaction area, MeV bremsstrahlung photons are produced. The energy spectrum and number of high-energy photons depend on the energy distribution, the total charge of accelerated electrons, and the target properties.
Experiments on laser-driven bremsstrahlung sources of x-rays and MeV gamma-rays produced in high-Z materials can usually be divided into two groups depending on the target setup, where in the first case, the laser interacts directly with a solid-state high-Z converter and in the second case, an electron beam is generated in a plasma target and then penetrates into a “cold” converter. Different diagnostic methods can be used to detect and reconstruct BS spectrum, depending on the photon energy range. An important method is the activation technique [23–25], which provides access to the region of giant dipole resonance (GDR) with photon energies beyond 7.5 MeV. The nuclear activation technique was also successfully applied to investigate the hot electron distribution in the interaction of multi-petawatt laser pulses with a high-Z target, where by comparing different activation ratios of isotopes produced in photonuclear reactions, the temperature of hot electrons was determined [26–28].
Experiments using direct laser irradiation of the high-Z converter for production of MeV bremsstrahlung radiation were reported for high-energy lasers such as VULCAN [23] and NOVA [24] with ∼1010 photons in the range of giant dipole resonance (GDR) and up to 0.2% laser-BS conversion efficiency measured by means of the nuclear activation technique. In an experiment on the Texas Petawatt Laser [29], the multi-millimeter thick gold target was directly irradiated with an ultra-relativistic laser pulse of ≥1021 W/cm2 intensity. A conversion efficiency of 2% was estimated for the photon spectrum with an average energy of 6 MeV in the energy range from 3 to 50 MeV, measured by forward Compton scattering.
To improve the BS production efficiency, the initial stage, namely, the acceleration of electrons, can be separated from the subsequent stage of converting electrons to BS. This can be realized in different ways, as demonstrated in the following works. Electron beams generated in the interaction of relativistic laser pulses with an under-dense plasma medium (e.g., gas jet) via LWFA can reach GeV energies and carry sub-nC charges. As reported in [30], on experiments with a DRACO laser (∼1019 W/cm2), the interaction of such an electron beam with an 800-µm-thick Ta converter led to the generation of ∼ 4 × 108 photons with an average energy of 30–40 MeV and an estimated conversion efficiency of 0.1%. In this work, photon energy distribution was measured by the differential filter method and analyzed with Monte Carlo simulations.
One can increase the density of the plasma jet and switch to the self-modulated (SM) LWFA [31], which leads to a higher charge of generated MeV electrons and correspondingly higher conversion efficiency. SM LWFA is a platform for x-ray and gamma-ray production for probing the HED matter at NIF [32]. Production of high-energy high-current electron beams with charge up to 10 nC (Ee > 1.2 MeV) was demonstrated in the interaction of 1020 W/cm2 laser pulse with high-density argon gas jet [33]. Millimeter-thick copper targets were used as converters. The measured BS spectrum with a cut-off energy of 15 MeV showed an exponential distribution with T1 = 0.49 MeV for the low-energy part and T2 = 3.8 MeV for the high-energy part and a total number of photons with energy ≤15 MeV of 1010 directed in 20.5° (FWHM).
By further increasing the density of plasma up to the critical electron density (e.g., 1021 cm−3 for 1 µm laser wavelength), one may enter the domain of the direct laser acceleration mechanism (DLA) predicted in [34–39] and demonstrated experimentally in [19–21, 40, 41]. In case of tens of fs short pulses, this mechanism was realized in experiments with double-layer targets [39, 41], where a foam layer of a few µm thickness was grown on top of the metal foil. When changing from fs to ps high-energy laser systems, the foam thickness must be greatly increased. In experiments with the PHELIX [42] high-power laser, sub-millimeter-long polymer aerogels [43] pre-ionized with the 1013 W/cm2 ns laser pulse that preceded the relativistic ps-pulse were used. The thickness of the 2 -mg/cm3 foam layers was in the range of 300–1000 µm in order to provide a long acceleration path for the DLA electrons. Experiments with laser pulses of ∼1019 W/cm2 intensity showed up to 40% conversion efficiency of the laser energy into electrons with an energy above the ponderomotive potential of 1.5 MeV and a higher number of relativistic electrons ([image: image] 30 MeV) in comparison with direct shots on metal foils at an ultra-relativistic laser intensity of 1021 W/cm2, as shown in Figure 1 [21]. The effective temperature of the DLA electrons generated in such long-scale NCD plasma exceeds 10 times the pondermotive potential, and the charge of the accelerated electrons with energy above pondermotive potential reaches 1 µC.
[image: Figure 1]FIGURE 1 | Electron energy distribution measured along the PHELIX laser axis (0°) for shots onto the pre-ionized low-density foam layer in combination with the 10-µm Au foil at 1019 W/cm2 laser intensity (red) and onto 10-µm-thin Ti foils irradiated by the 1021 W/cm2 (blue) and 1019 W/cm2 (green) laser intensities. The intensity was changed by varying the laser focal spot size using two different off-axis-focusing parabolas. In addition, in the case of tight focus, the laser energy was twice higher (see [21] for more details). The values on the ordinate axis have logarithmic spacing.
In this paper, we show that the use of NCD plasma with a secondary high-Z target of several millimeters thickness allows for creation of the unprecedented high-energy and high-flux gamma source. The paper is organized as follows: in Section 2, laser and target parameters, together with the used experimental set-up (Section 2.1) and the nuclear activation method (Section 2.2), are described. In Section 3, results on characterization of super-ponderomotive DLA electrons (Section 3.1), gamma spectroscopy measurements (Section 3.2), and the Geant4 simulations of bremsstrahlung and isotope production are presented. Section 4 summarizes the results.
2 MATERIALS AND METHODS
2.1 Experimental setup
The experiment was performed at the PHELIX (Petawatt High-Energy Laser for Heavy Ion EXperiments) laser facility at the Helmholtzzentrum GSI, Darmstadt [42], in a single-shot mode. A ns pulse with an intensity of ∼1013 W/cm2 and ∼70 mJ energy in the FWHM of the 15 μm × 12 µm focal spot was used to heat a foam target and to convert it into plasma of near critical density (NCD). A s-polarized, 750(250) fs PHELIX laser pulse of 75(5) J energy and wavelength of λ = 1.053 µm, focused by means of a 150-cm off-axis parabolic mirror, interacted with the pre-ionized 3-ns earlier foam target. Energy of 20(2) J is measured in FWHM of the focal spot, which corresponds to ∼25% of the total laser energy, so the intensity of the main pulse reaches ∼1019 W/cm2 with a normalized laser vector potential amplitude a0 = 2.9. The target normal was tilted 10° to the laser beam axis to avoid back reflection of the laser light. The foam target was made of CHO polymer aerogel of 2 mg/cm3 density, 2.5 mm in diameter, and 1,000 µm thickness [20, 43]. Assuming the foam target is fully ionized by the ns pulse, this corresponds to 0.64 × 1021 cm−3 electron density or 0.64ncr with ncr = 1021 cm−3 being the critical density for 1.053 μm laser wavelength. A tantalum converter of 4 mm × 4 mm in cross section and thickness of 6 mm was attached to the rear side of the foam target, which was grown inside a copper washer. This tantalum plate is used (1) to convert the hot electron kinetic energy into hard photons through the bremsstrahlung mechanism and (2) as a diagnostic tool to measure the number of Ta isotopes produced due to (γ, xn) reactions. The experimental setup and the target design are shown in Figure 2.
[image: Figure 2]FIGURE 2 | (A) Schematic view of the experimental and target (see inset) setup. (B) Foam target in the copper washer and SEM picture of the CHO foam structure.
For measuring the electron spectra in forward and backward directions, 0.99-T magnetic spectrometers were placed at ±10° and 170° to the laser axis. The distance of entrance slits of electron spectrometers to the interaction point is 455 mm for the electron spectrometers at ±10° and 375 mm for the 170° electron spectrometer. For measuring the angular distribution of electrons, two large area IPs were placed between three layers of 3-mm stainless steel semi-cylindrical plates with 300 mm curvature radius. The cylindrical stack (see Figure 2) was placed at 340 mm from the interaction point and covered 37° in the horizontal direction and 20° in the vertical direction. For more details about the electron spectrometers and the cylinder diagnostic, see [21].
2.2 Nuclear activation technique
A high-current directed beam of DLA electrons, produced in the interaction of the PHELIX laser pulse with NCD plasma, was sent to a Ta converter to generate BS radiation, which can be characterized in terms of yields of isotopes produced in photonuclear reactions [24, 25]. In this process, a high-energy photon excites the giant dipole resonances of nuclei and triggers photonuclear reactions. As a result, one or multiple neutrons are emitted. The formed compound nucleus is usually radioactive and emits characteristic gamma-quanta of certain energies. The decay spectra of the activated sample measured by means of gamma spectroscopy reveal the yield of the photonuclear reaction product, subject to the condition that the activity distribution of the sample is known. Then, the number of reactions (yield) Y is the convolution of the bremsstrahlung spectrum Φ(Eγ) and the energy-dependent cross section σ(Eγ) of a photonuclear reaction [44]:
[image: image]
where Sn is the threshold energy of the reaction and NT is the number of irradiated target atoms. By combining yields of different isotopes, it is possible to reconstruct the bremsstrahlung spectrum, as described in [3, 25, 28].
In this study, tantalum plates were used simultaneously as a converter and activation materials. They were composed of 99.9% 181Ta, a stable tantalum isotope. Photo-nuclear activation in the tantalum target provides information on the high-energy part of the bremsstrahlung spectrum with E [image: image]7.5 MeV, which is fixed by the photonuclear cross section of the 181Ta(γ,n)180Ta reaction. The dependence of the cross-sections of different (γ, xn) reactions (where x is the number of neutrons, 1 ≤ x ≤ 6) in 181Ta on photon energy simulated with the nuclear reaction code TALYS [45], and the same dependence based on the experimental data from [46] are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Cross sections for different 181Ta (γ, xn) reactions simulated with TALYS code and from experimental data available from [46]. The values on the ordinate axis have logarithmic spacing.
The isotope 180Ta decays via electron capture (EC) (85%) with a half-life of 8.1 h to an excited state of 180Hf, which then goes to the ground state by emission of a γ-quantum of 93 keV. Hf x-rays, Kα = 55.7 keV, and Kβ = 63.2 keV are also emitted in this process. The competing decay to EC is β− -decay, with the same characteristic half-life time of 8.1 h. This decay produces an excited state of 180W, which achieves stability via emission of 103 keVγ-quantum. The product of the reaction 181Ta(γ,2n)179Ta has a half-life time of 664 d, which is too long for the type of analysis undertaken in this study. The reaction 181Ta(γ, 3n) can lead to the ground state of 178Ta with a half-life time of 9.31 min, which decays via EC to the excited state of 178Hf and emits γ-rays with energy 93.1 keV. Because the 93.13 keV γ-ray is also emitted by decay of 180Ta, presence of the isotope 178Ta is neglected. The reaction 181Ta(γ, 3n) can also lead to 178mTa, which decays via EC with a characteristic half-life time of 2.36 h to excited states of 178Hf, which then achieves stability via the emission of a number of γ-quanta. Among them, the most intensive ones are 426.38, 325.562, and 213.44 keV. The product of 181Ta(γ, 5n) 176Ta decays only via EC with a characteristic half-life time of 8.09 h to excited states of 176Hf, the most prominent γ-quanta of 1,159 keV take 24.7%. The isotope 175Ta also decays via EC to excited states of 175Hf with a half-life time of 10.5 h and emits characteristic γ-quanta of different energies, including those with 207.4 and 348.5 keV. The threshold energies, the cross sections, the half-life times, and the characteristic energies of the reactions of the tantalum isotopes are summarized in Table 1.
TABLE 1 | Nuclear reaction data for the photonuclear reaction in tantalum.
[image: Table 1]3 RESULTS AND DISCUSSION
3.1 Experimental results on DLA electrons
Figure 4A shows the electron spectra registered by three 0.99-T magnetic spectrometers at ±10° and 170° to the laser axis with imaging plates (IPs) as detectors. The shot was made on the 800-µm-thick pre-ionized CHO foam target. The measured averaged spectrum for ±10° directions can be approximated by a Maxwellian-like distribution function with two temperatures: [image: image]. The maximum energy of electrons reaches 90 MeV at the level of 2e8MeV−1sr−1. At the same time, ponderomotive electrons with an effective temperature of 1.2 MeV were observed in the backward direction at 170° to the laser axis. On the cylinder stack, we observe a collimated beam of electrons with energies E [image: image] 3 MeV (first IP) and E [image: image] 7.5 MeV (second IP) with divergence angles of 15° and 13°, respectively (Figure 4B). Using cylinder diagnostic and the electron spectrometers, the charge carried by electrons was estimated: the charge of electrons with E [image: image] 7.5 MeV, which propagate in the forward direction and are capable of generating gammas responsible for photonuclear reaction in tantalum, is of ∼ 60 nC.
[image: Figure 4]FIGURE 4 | (A) Electron spectra measured by means of 0.99 T electron spectrometers at 10° (dark green markers), −10° (light green markers), and 170° (blue) relative to the laser axis. Red markers show the electron spectrum, which was taken as an input for Geant4 simulations; the dashed line shows results of two temperature fits for the average spectrum with T1 ≈ 8 MeV and T2 ≈ 19 MeV. The values on the ordinate axis have logarithmic spacing. (B) Raw electron signal of IP from cylinder diagnostics after 3 mm steel (up) and after 6 mm steel (down) for measuring the angular distribution of electrons.
3.2 Experimental results on gamma spectroscopy
After the laser shot, the tantalum target was subjected to gamma spectral analysis using a coaxial p-type high-purity germanium detector (HPGe). The detector was shielded by lead bricks to reduce the contribution of background radiation in the laboratory. The signals from the detector were analyzed by a multichannel buffer (MCB) (Ortec MCB 928) using ORTEC Maestro software. For evaluating the gamma-ray spectra of the activated tantalum target, it is important to measure any contribution from background radiation. For this purpose, the spectrum of the background was taken over 7 days to improve the counting statistics, and then, the overall counting rate was normalized to the duration time of the tantalum target measurement. Figure 5 shows the gamma spectrum obtained from the tantalum converter in the region of 50–1,300 keV with the background contribution after 63 h. To confirm independently the existence of isotopes 180Ta, 178mTa, 176Ta, and 175Ta in addition to the characteristic γ-lines shown in Figure 5, the decay time of the states related to these γ-lines has been measured. The sample was measured for the total time of ∼63 h, and various snapshots of the spectrum were saved for different time slots. In Figure 6, the number of γ-rays emitted per second, R(E), for 103 keV(180Ta), 426 keV (178mTa), 1,159 keV (176Ta), and 346 keV (176Ta) is shown as a function of time, where t = 0 is the start of measurement (82 min after the laser shot). The error bars come from uncertainty in fitting the full energy peak to the Gaussian distribution. A correction for the emission rates due to decay during the counting period has been determined. For 103 keV peak, the half-life time was found to be 9.9(11) h (accepted value is 8.15 h); for 426 keV, it was found to be 3.1(2) h (accepted value is 2.36 h); for 1,159 keV, it was 8.7(1.5) h (accepted value is 8.09 h); and for 348 keV, it was 11.8(1.1) h (accepted value is 10.5 h). Because the state of 177Ta related to the 112.9 keV gamma-line has a low intensity and considerably large half-life time, the decay of this state could not be confirmed.
[image: Figure 5]FIGURE 5 | Tantalum target spectrum in the region of 50–600 keV (up) and from 600 to 1,300 keV (down). Gamma lines of 180Ta, 178mTa, 176Ta, and 175Ta are evident. The values on the ordinate axis have logarithmic spacing.
[image: Figure 6]FIGURE 6 | Decay plots of 103, 426, and 1,159 keV. Half-life measurements confirm the presence of 180Ta, 178mTa, and 176Ta. The values on the ordinate axis have natural logarithmic spacing.
Due to the narrow angular spread of the electron beam, the tantalum target is irradiated non-homogeneously, and it is not possible to determine the number of target atoms Nt needed to deduce the photon number from Eq. 1. Moreover, one has to take into account the absorption of gamma rays as they propagate through tantalum to HPGe detector’s cap. In Figure 7, transmission of characteristic gamma rays for 1–6 mm thickness of tantalum is shown. To overcome these problems, Monte Carlo simulations were performed to calculate the yield of isotopes and to compare them with the experiment.
[image: Figure 7]FIGURE 7 | Transmission of characteristic gamma rays through the tantalum target with various thicknesses. The values on the ordinate axis have logarithmic spacing.
3.3 Monte Carlo simulations for bremsstrahlung production
To get a better insight into the electron beam interaction with the tantalum target, Monte Carlo simulations were performed to calculate bremsstrahlung generated by DLA electrons. For this, the Geant4 package was used, which takes into account both electromagnetic and hadronic processes [47, 48]. The input electron spectrum was taken from the experimental data presented in Figure 4A. The data are averaged using the data for ±10° shown in Figure 4A. For the electron angular distribution, a Gaussian-like profile was assumed in the form [image: image], where f+10° and f−10° are the experimentally measured electron number densities d2N/(dE ⋅ dΩ) at +10° and −10°, respectively, θ1/2 = 15°, and the coefficient k(10°→0°) = 1.36 was introduced to retrieve the number of electrons at 0° direction based on the known angular profile of the electron beam measured by the cylinder diagnostic; see Figure 4B.
The resulting spectrum of electrons with energy [image: image] 1.5 MeV, which was then used as the input for Geant4, is shown with red markers in Figure 4A. As a converter, a tantalum box of 4 mm × 4 mm × 6 mm was used. The electron source was located at the center of the converter front. Since the simulation for the real number of electrons was unfeasible due to high computational costs, in calculations, their number was reduced to a total of 108 particles, and this reduction was taken into account by appropriate normalization in the final results.
Due to the interaction of the relativistic electron beam with the material of the converter, MeV-scale bremsstrahlung was produced. The resultant fluences of both “low-energy” (<7.5 MeV) and “high-energy” (>7.5 MeV) primary and secondary electrons, and the produced BS radiation for the same energy ranges are shown in Figure 8.
[image: Figure 8]FIGURE 8 | Fluences of electrons with energies below 7.5 MeV (top left) and above 7.5 MeV (top right); fluences of BS photons with energies below 7.5 MeV (bottom left) and above 7.5 MeV (bottom right). The values on the color scale have logarithmic spacing. The fluence for high-energy rays is multiplied by an additional factor of 10 for better illustration of their penetration depth with the chosen color scale.
For low-energy electrons, scattering in the target material plays a significant role, and the transverse size of the beam increases substantially in comparison with the value defined by the initial divergence of the electron beam. The high-energy electrons, in contrast, continue to propagate as a more collimated beam, penetrating a few millimeters inside tantalum before their energy drops below 7.5 MeV. The distribution of the gamma quanta for the low- and high-energy ranges generally follows the distribution of low- and high-energy electrons; however, their penetration depth for both <7.5 MeV and >7.5 MeV ranges is greater than that for electrons so that they can reach the opposite edge of the converter box. The obtained energy spectra of BS radiation in dependence of tantalum thickness for Z = 1 mm, Z = 3 mm, and Z = 6 mm presented in Figure 9 can be described by an exponential function with a mean photon energy of 5–6 MeV in the photon energy range 1.5–7.5 MeV and 18 MeV above 7.5 MeV. From the presented data, it can be seen that there is an optimal thickness of the converter at Z = 3 mm (green markers), where the fraction of high-energy photons is higher than that at Z = 1 mm and Z = 6 mm.
[image: Figure 9]FIGURE 9 | Energy spectrum of bremsstrahlung radiation obtained in Geant4 simulations. Different curves correspond to different tantalum thicknesses at Z = 1 mm, Z = 3 mm, and Z = 6 mm. The values on the ordinate axis have logarithmic spacing.
For the former, the target thickness is too low for the effective conversion of high-energy electrons into bremsstrahlung radiation, while for the latter, the fluence of photons starts to drop as a result of Compton scattering and gamma-induced pair production. At the same time, for Z > 3 mm, a significantly lower amount of new photons is produced as at this point, the electron beam becomes depleted due to its interaction with the converter material, and thus, the loss of photons is not compensated by the newly created photons. For high-energy part of the BS-spectrum, this effect appears to be less pronounced as a consequence of the longer mean-free path of energetic photons in the target. From the simulation, the number of BS photons and the conversion efficiency of the laser energy into the energy of BS-radiation was estimated for <7.5 MeV and >7.5 MeV energy regions. The values are summarized in Table 2. The highest number of photons in the energy range (1.5–7.5 MeV) suitable for pair production is generated within the 1-mm-thick converter with a laser energy to BS conversion efficiency of 5%. With increasing thickness, it drops to 1.5%. At the same time, the number of BS photons with energy >7.5 MeV remains fairly constant. The optimum is reached at the depth of the 3-mm-thick converter, where 1.7 × 1011 photons are produced with the highest conversion efficiency of 2%. The pulse duration of BS radiation for an optimized converter thickness of ∼3 mm reaches ∼10 ps. As follows from the simulations, bremsstrahlung emits in a cone subtended by a half-angle of 17°, which for the obtained number of photons, means that an ultra-high flux of ∼6 × 1022 sr−1·s−1 is obtained.
TABLE 2 | Number of the produced gamma photons Nγ and the conversion efficiency of laser energy into the energy of these photons ηγ in dependence on the penetration depth for two different energy ranges.
[image: Table 2]The bremsstrahlung photons with energy [image: image] 7.5 MeV induce photonuclear reactions inside the tantalum converter, creating various isotopes, including isotopes of tantalum with the mean life times of the order of a few hours that can be confidently measured. In the simulations, yields of different isotopes of tantalum resulting from (γ, xn) reactions were calculated using the cross sections provided in Geant4 [47]. The model target was divided into 1-mm thick layers to record Ta isotopes produced in each layer. The resulting yields of the most abundant and long-living isotopes created in each of the six layers are presented in Figure 10.
[image: Figure 10]FIGURE 10 | Yields of the most long-living isotopes produced inside the tantalum converter in the Geant4 simulations. Different colors correspond to the different layers of the target. The values on the ordinate axis have logarithmic spacing.
In order to compare these results with the experimental yields, it is important to take into account the absorption of γ ray characteristics for every isotope in the tantalum converter (see Figure 7). Since the energy of the characteristic gamma lines produced inside the tantalum sample as a result of radioactive decay of isotopes belongs to the (100–1,000) keV range (see Table 1), attenuation of these gamma rays can be significant, especially for the gamma rays coming from the rear side of the converter. The most abundant and long-living isotopes of tantalum were distributed in the converter box according to the results of Geant4 modeling described previously. Several key gamma-decay lines with the known intensities and energies of the emitted gamma-quanta were selected from Table 1. The attenuation of the corresponding gamma rays was calculated as they pass from the location of a particular isotope to the front edge of the tantalum plate where the initial electron source was located and where the isotope yields were measured by means of a HPGe detector. The attenuation coefficients for gamma photons of a given energy were taken from the NIST database [49]. This procedure allowed for comparing the experimentally measured yields with those obtained in numerical modeling; see Figure 11. The results show that the yields of 180Ta and 178mTa calculated from gamma spectroscopy measurements are in very good agreement with the simulations. The yields of 176Ta and 175Ta measured in the experiment are higher by factors ∼2.3 and ∼1.7 than predicted by simulations. The inconsistency of the measured and simulated 176Ta and 175Ta yields can be partially explained by the fact that the experimental cross-sectional data on the reactions 181Ta(γ,5n)176Ta and 181Ta(γ,6n)175Ta are higher than the cross sections used in simulations. Another reason could be the insufficient statistics in the simulation—for the computationally feasible number of initial electrons of 108, only tens of isotopes of 176Ta and 175Ta were obtained. This may be inadequate for proper estimation of 176Ta and 175Ta yields in the experiment via appropriate normalization of these results for the real amount of laser-accelerated electrons.
[image: Figure 11]FIGURE 11 | Comparison of the yields of tantalum isotopes from the experimental measurements and the simulations. The values on the ordinate axis have logarithmic spacing.
4 CONCLUSION
A highly efficient approach, to generate an ultra-high flux, high-energy bremsstrahlung by applying long-scale, near-critical-density foam targets attached to a high-Z converter, was demonstrated in the experiments at the high-energy PHELIX laser supported with Geant4 Monte Carlo simulations. Photonuclear reactions have been observed in tantalum, leading to the production of 176Ta and 175Ta, which require photons with energies above 40 MeV. This can be compared to the isotope production in the experiment with similar PHELIX laser parameters, where a sub-ps laser pulse interacted with a dense gas jet to accelerate electrons before hitting a Ta converter [50]. Authors report the production of 178Ta as a result of (γ, 3n) reactions with a photon energy threshold of 22 MeV. The reason for the difference lies in the more efficient conversion of laser energy into high-current DLA electrons with energies up to 100 MeV, accelerated in the NCD plasma at PHELIX. The Geant4 Monte Carlo code, with the experimentally obtained electron energy and angular distributions as input parameters, was used to compare measured and simulated yields of 180Ta to 175Ta isotopes and to characterize the bremsstrahlung spectrum responsible for their production. Simulations made it possible to account for the inhomogeneous irradiation of the Ta converter with MeV electrons and photons and for the absorption of the characteristic gamma lines in the 6-mm-thick converter. In the end, a good agreement between measured and simulated Ta isotope yields was demonstrated. Based on this, we can conclude that when DLA electrons interacted with the thick high-Z converter, the directed bremsstrahlung was produced with an average photon energy of 18 MeV and ∼ 2 × 1011 photons per laser shot in the energy range of giant dipole resonance (GDR) and beyond (≥7.5 MeV). This results in an ultra-high photon flux of ∼6 × 1022 sr−1·s−1 and 2% of the conversion efficiency of the focused laser energy into high-energy bremsstrahlung and shows a 10-fold increase in the MeV bremsstrahlung production compared to direct laser irradiation of the converter, demonstrated with the VULCAN and NOVA lasers [23, 24].
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