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In this study, the designing method of multi-beam regenerative amplifiers with the repetitive rate was proposed and demonstrated. To obtain multi-beam regenerative amplifiers with uniform performance, the disparities in output energy, energy stability, and mode size were analyzed, and the detailed optimizing method was presented. With the designs, eight-beam regenerative amplifiers were developed. The output performances of eight-beam regenerative amplifiers were uniform. The output energies were in the range of 25.4–28.8 mJ, and the energy stabilities over two hours were in the range of 2.4%–5.1% (PV) and 0.3%–0.9% (RMS).
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1 INTRODUCTION
Neodymium glass (Nd:glass) is the best gain medium so far for inertial confinement fusion (ICF) lasers, such as the SG-series in China, the National Ignition Facility (NIF) in American, and the Megajoule in France [1–4]. The Nd:glass has good optical homogeneity, broad gain bandwidth (more than 20 nm), and the potential for large size and high doping concentration [5–7]. However, as the stimulated emission cross (σ) is small, the single-pass small-signal gain coefficient is small (g = nσ) at the same stored energy. Thus, in order to achieve sufficient total gain, multi-pass amplifiers are strongly preferable. Among them, the regenerative amplifier is a good candidate. First, the amplification pass can be several tens or more, and the total gain is very large (>109). Second, gain saturation induced by multi-pass amplification is particularly beneficial to improve the extraction efficiency and pulse-to-pulse energy stability [8–10]. Third, owing to the mode self-reproducing of the regenerative cavity, the beam quality is excellent, typically the fundamental mode. Therefore, the regenerative amplifier is commonly served as a high-gain compact module in the preamplifier of ICF lasers [11].
To date, numerous researches on the regenerative amplifier design have been conducted. In 1983, Magni et al. theoretically derived the general properties of resonators containing a variable lens and investigated the mode spot sizes, the dynamical stability, and the misalignment sensitivity [12]. This method was widely used in the regenerative amplifier design [13, 14]. Afterward, to overcome high misalignment sensitivity of the amplifier, a method was proposed for analyzing the impact of cavity misalignment on the mode drift of the gain media [15]. With these aforementioned methods, the regenerative amplifier can be designed and developed. However, in the situation that multi-beam lasers are required to simultaneously irradiate onto the target (e.g., ICF), in order to obtain the best laser–matter interaction results, the performances of multi-beam are desired to be uniform, including output energy and temporal waveform. This is generally called energy/power balance across multi-beam lasers [16–19]. Therefore, as a part of ICF lasers, the uniformities of multi-beam regenerative amplifiers are strongly desired. Since the laser is amplified many times in the regenerative amplifier, slight parameter differences of optical components or weak focal lensing can contribute to large changes in mode radius and energy, i.e., disparities across multi-beam lasers. This will influence the power balance of ICF lasers.
In this study, the designing method of multi-beam regenerative amplifiers with the repetitive rate was proposed and demonstrated. The disparities in output energy, energy stability, and mode size were analyzed with the practical optical component parameters and operating conditions. The detailed designing and optimizing method was presented to obtain a multi-beam regenerative amplifier with uniform performance. With the designs, eight-beam regenerative amplifiers were developed. The output performances were measured. The output performances of eight-beam regenerative amplifiers were uniform. The output energies were in the range of 25.4–28.8 mJ, and the energy stabilities over two hours were in the range of 2.4%–5.1% (PV) and 0.3%–0.9% (RMS). The results were in good accordance with the design results.
2 MULTI-BEAM REGENERATIVE AMPLIFIER DESIGN
2.1 Regenerative Amplifier Model
The simplified regenerative amplifier concept is shown in Figure 1. The amplifier contains two cavity mirrors (CM1 and CM2), a laser head (LH), a Pockels cell (PC), a quarter-wave plate (QWP), a thin-film polarizer (P), and a lens (L). The L, CM1, and CM2 are used to determine the mode size. The PC and QWP are used to control the amplification pass. The cavity length is 6750mm, which corresponds to 45 ns round trip. Thus, a laser pulse with a maximum of 25 ns temporal width can be amplified, considering the 10 ns rising edge of the PC.
[image: Figure 1]FIGURE 1 | Simplified regenerative amplifier concept. CM1 and CM2: cavity mirrors; LH: laser head; P: thin-film polarizer; L: lens; PC: Pockels cell; QWP: quarter-wave plate.
The input laser with s-polarization is injected into the amplifier cavity from P. When the input laser first passes through the PC, the PC is powered off. After a round trip, the laser turns to be p-polarization with the help of QWP. After the laser passes through the PC for the second time, the PC is powered with a quarter-wave voltage, and the function of the PC and QWP is similar to that of a half-wave plate. The laser polarization state keeps constant during a round trip, and the laser can be amplified successively until the PC is powered off. The output laser with s-polarization is outputted from P. The total amplification pass is fix(t×c/l), where t is the voltage width of PC, c is the speed of light, l is the cavity length, and the function fix(x) is obtaining the maximum integer of x.
2.2 Energy and Energy Stability Design
In practical multi-beam regenerative amplifiers, due to the parameter differences of optical components (e.g., reflectivity and transmission), the total loss of the cavity is different. Moreover, in laser–matter interactions with multi-beam lasers, the moments of multi-beam lasers arriving at the target must be the same. Thus, the amplification pass (or the voltage width of PC) should be identical. In this circumstance, the output energy and energy stability exhibit obvious differences from beam to beam. Here, the typical parameters of optical components are shown in Table1. In this table, four configurations of parameters are included. The design baseline is the typical parameter of the optical component. The minimum value, maximum value, and mean value are obtained by actually measuring the minimum, maximum, and mean parameters from over 100 real components.
TABLE 1 | Typical parameters of optical components.
[image: Table 1]With these parameters in Table1, the energy curves of different configurations are calculated theoretically. In the theoretical calculations, the Avizonis–Grotbeck model is adopted [20]. Compared with the commonly used Frantz–Nodvik model [21], the Avizonis–Grotbeck model involves the loss of gain medium, which is important, especially for rod-shaped gain medium and multi-pass amplification, which makes the theoretical simulations more exact. Here, the static loss and dynamic loss of Nd:glass are 0.12% cm−1 and 0.36% cm−1, respectively, which are obtained from the Nd:glass factory. The static loss and dynamic loss are the loss without and with LD pumping, respectively. Combined with the input energy of ∼0.1 μJ, the theoretical energy curves are calculated, as shown in Figure 2. In the figure, the small-signal gain and the amplification pass are chosen to be 1.269 and 96-pass, respectively, so as to satisfy the output energy of 25 mJ and excellent energy stability at design baseline (black line in Figure 2). Due to the different losses, the energy and energy stability of the four configurations show undesirable disparities. For configurations of the minimum value, mean value, and maximum value, the output energy is far larger than 25 mJ before the laser is exported from the regenerative amplifier. The optical damages are probably induced and affect the safe operations. Moreover, the performances of energy stability are also different. For design baseline, the curve at 0.1 μJ is nearly flat. It means that the output energy is extremely insensitive to the fluctuations of input energy. However, for the minimum value, mean value, and maximum value, the output energy varies with the fluctuations of input energy, which will influence the power balance of multi-beam lasers.
[image: Figure 2]FIGURE 2 | Energy curves of different configurations.
In order to obtain uniform energy stabilities of multi-beam lasers and avoid optical damage, an active method of controlling the product of gain and loss is adopted. Here, by slightly adjusting the small-signal gain, the products of gain and loss of multi-beam regenerative amplifiers are uniform. With this method, the optimized small-signal gain of four configurations are 1.269, 1.254, 1.233, and 1.242, respectively. The optimized energy curves of four configurations are shown in Figure 3. From the figure, the output energies of four configurations are all in the safe operating range of 25–35 mJ. The energy stabilities are nearly uniform and not sensitive to the fluctuations of the input laser.
[image: Figure 3]FIGURE 3 | Optimized energy curves of four configurations.
2.3 Laser Head Design
The laser head is a diode-side-pumped circular Nd:glass rod with a 1 Hz repetition rate. The profile is shown in Figure 4. The laser head consists of Nd:glass, cooling fluid, quartz tube, and pump ring module. The geometric size of the rod is Ф5 mm × 100 mm. The gain medium is N31 Nd:glass whose Nd3+ concentration is 2.2 wt% [22, 23]. The ends of the rod are tapered to stifle unwanted whispering gallery parasitic modes. The quartz tube is 1 mm thickness, which is used to separate the cooling fluid from the diode. The pumping ring module is a 5-side ring-pumping scheme with a pumping power of 2.5 kW, and two pumping ring modules are incorporated. The center wavelength of the diode is 802 nm.
[image: Figure 4]FIGURE 4 | Profile of the laser amplifier.
In order to obtain excellent beam quality, the pumping is required to be uniform[24]. The simulated pumping uniformity with the aforementioned parameters is shown in Figure 5 using the ray-tracing method. The uniformity in the center 3 mm × 3 mm region is 91.8%.
[image: Figure 5]FIGURE 5 | Pumping distribution of LH.
The small-signal gain is estimated according to the energy-transfer mechanism [25], including the pumping transfer efficiency, absorbing efficiency, quantum efficiency, Stokes efficiency, and storage efficiency. In this case, the total energy transfer efficiency (ηtot) is 26%. The maximum small-signal gain is estimated to be 1.95 using Eq. 1. It is slightly larger than the aforementioned required small-signal gain.
[image: image]
where Pp is the pumping power; tp is the pumping width, which is 500 μs; Es is saturated fluence (4.97 J/cm2 for N31 Nd:glass); and A is the section area of the gain medium.
2.4 Cavity Design of the Regenerative Amplifier
Due to the long cavity length, even weak focal lensing can contribute to large changes in mode radius for non-optimized cavity configurations, i.e., undesired disparities across multi-beam lasers. For multi-beam regenerative amplifiers, on the one hand, as mentioned previously, in order to obtain uniform output energy and energy stability, the small-signal gain of each beam is strongly dependent on the optical loss. This means the pumping power and induced thermal lensing are different. According to the laser head design and thermal analyses, at the small-signal gain of 1.269 (design baseline in Section 2.2), the corresponding thermal lensing is about 25 m. Furthermore, one can easily estimate the thermal lensing for the other three cavity loss configurations, which are 23.75 m (minimum value), 22.74 m (mean value), and 21.98 m (maximum value), respectively. On the other hand, the diode pumping fluctuations induced by power supply and the machining errors of optical components such as CM1, CM2, and L will also cause mode radius changing. Thus, the cavity should be stable over a large range of the thermal lens.
The cavity design is developed by utilizing an analytic ABCD description [20]. By varying the end mirror and cavity lens radius and the distance of optical components in Figure 1, the stability zones for each cavity parameter were evaluated. Only the cavity parameters meeting the following constraints were analyzed: first, the mode radius in the rod is ∼1.5 mm, so as to obtain large energy without damage risk. Second, the cavity should be stable with the thermal lensing changing from 21.98 to 25 m or more. This is necessary when changing the small-signal gain for multi-beam lasers. Third, the mode radius on the other optical components is larger than 0.5 mm to avoid optical damages. With these criteria, the optimized cavity parameters are as follows: the radii of the curvature of CM1 and CM2 are −10,000 and 10,000 mm, respectively. The focal length of L is 2,430 mm, and its position is at the center of the cavity. The distance between LH and CM2 is 2,750 mm. The corresponding stability zones are shown in Figure 6. In the figure, the x-axis is the thermal focal power, which is reciprocal to thermal lensing, and the y-axis is the mode radius. From the figure, at the thermal focal power of 4 × 10–5 mm−1 (i.e., 25 m for thermal lensing), the cavity mode size is insensitive to the thermal lensing variations. When the thermal focal power varies by ±20%, the mode radius at Nd:glass changes to smaller than 0.1%. Considering all the factors that may result in mode size changes including the diode pumping fluctuation, the thermal lensing variations, and machining errors of optical components, the total mode radius changes are small. This is negligible. With the parameters, the mode size of the regenerative cavity is calculated, as shown in Figure 7. The mode radii in the laser head (LH), lens (L), and cavity mirrors (CM1 and CM2) are 1.5, 1.75, 0.98, and 0.65 mm, respectively.
[image: Figure 6]FIGURE 6 | Optimized stability zones of the regenerative cavity.
[image: Figure 7]FIGURE 7 | Mode size of the regenerative cavity.
3 EXPERIMENTAL RESULTS
Based on the regenerative amplifier design, eight-beam regenerative amplifiers were developed, named L1–L4 and R1–R4. The eight beams were installed on a 4 × 2 truss. The L1–L4 and R1–R4 were image-mirrored. The schematic diagram of the regenerative amplifier is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Schematic diagram of the regenerative amplifier.
The amplification pass is 112-pass, which is larger than the designed 96-pass. It is mainly due to the imperfect mode matching between the input laser mode and cavity mode. At 112-pass amplification, the output energy and energy stability of eight-beam regenerative amplifiers are shown in Table 2. The output energies are in the range of 25.4–28.8 mJ, and the energy stabilities over two hours are 2.4%–5.1% (PV) and 0.3%–0.9% (RMS). This is in good accordance with the designed results. The corresponding energy stability curves are shown in Figure 9. From the figure, some slow variations can be seen, which mainly come from the slight misalignment induced by temperature changes of environment and energy fluctuations of the input laser.
TABLE 2 | Output energy and energy stability of eight-beam regenerative amplifiers.
[image: Table 2][image: Figure 9]FIGURE 9 | Energy stabilities of eight-beam regenerative amplifiers over two hours.
The output beam is measured by CCD positioned after the polarizer P. The distance between the CCD and the lens L2 is identical to the distance between the laser head LH and the lens L2. Hence, the measured beam size is equivalent to that on LH. The typical beam is shown in Figure 10. The beam quality of eight beam lasers is good and uniform, exhibiting Gauss distribution. The beam size at 1/e2 is about 3 mm, which is in good accordance with the designed value.
[image: Figure 10]FIGURE 10 | Typical beam of the regenerative amplifier.
4 CONCLUSION
In this study, the designing method of multi-beam regenerative amplifiers with the repetitive rate was proposed and demonstrated. To obtain multi-beam regenerative amplifiers with uniform performance, the disparities in output energy, energy stability, and mode size were analyzed, and the detailed optimizing method was presented. With the designs, eight-beam regenerative amplifiers were developed. The output performances are measured including the output energy and energy stability. The output performances of eight-beam regenerative amplifiers are uniform. The output energies are in the range of 25.4–28.8 mJ, and the energy stabilities over two hours are in the range of 2.4%–5.1% (PV) and 0.3%–0.9% (RMS). The results are in good accordance with the design results.
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