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High-power ns-pulsed lasers have been widely used in many significant applications, including laser radar, remote-sensing, biomedicine, industrial process, and military defense. Stimulated Raman scattering (SRS) provides an efficient method for extending the wavelengths of laser radiation. Due to the excellent thermal conductivity, high damage threshold, and high gain coefficient, diamond crystal is considered the most potential SRS material to address laser output in specific wavelength regions with high power, high beam quality, and high conversion efficiency. This paper reviews the advances of ns-pulsed crystalline Raman lasers and particularly emphasizes the progress of ns-pulsed diamond Raman lasers (DRLs) in the past decade. DRL has demonstrated a maximum peak power of 1.2 MW at 1.240 μm with a pulse duration of 8 ns. It can also generate high-energy ns pulses featuring Fourier-limited spectral linewidth. The superior optical characteristics and the mature technology of synthetic diamond crystal will make DRL a promising technique to achieve higher performance ns laser pulses.
Keywords: ns-pulsed diamond Raman laser, solid-state laser, stimulated Raman scattering, high energy, wavelength expansion
INTRODUCTION
The importance of ns-pulsed lasers are indisputable due to their wide use in the fields of range finding [1], laser radars [2, 3], molecular biology [4], laser processing [5], and remote sensing [6]. Furthermore, high-power ns-pulsed lasers play an important role in specific wavelength requirements, such as remote sensing of sodium layer at 0.589 μm [7–9], underwater laser communication using blue-green light [10], tropospheric ozone detection at 0.285 and 0.291 μm [11] and wind velocity measurement at “eye-safe” 1.5 μm [12]. Currently, the crucial technologies for expanding the wavelength of ns-pulsed laser include optical parametric oscillation (OPO), second-harmonic generation, sum- and difference-frequency generation, and stimulated Raman scattering (SRS).
SRS as an essential third-order nonlinear effect is a general but efficient technology to expand the laser wavelength. Raman media have gain for all transmitted bands and thus the output wavelength extension is associated with the incident pump and the cascade Stokes cavity design. Noteworthy, the property of no-spatial hole burning of Raman gain makes the output light more inclined to operate with single longitudinal mode (SLM). Furthermore, compared to OPO, the automatic phase-matching of SRS laser has no necessity for angle or temperature tuning. At present, ns-pulsed Raman lasers are mainly based on ionic bonds Raman crystals, such as tungstate, nitrate and vanadate crystals. An output pulse energy of 10 mJ in an external resonator PbWO4 Raman laser has been achieved with a maximum conversion efficiency of 24% and a pulse width of 20 ns at the first Stokes [13]. Ba(NO3)2 Raman laser has been demonstrated to realize an output energy of 250 mJ at its first-Stokes wavelength of 1.178 μm, and obtain a 90 mJ output at 0.589 μm with the pulse width of 1.5 ns after frequency doubling [14]. Moreover, an intracavity YVO4 Raman laser at 1.176 μm with 1.67 mJ output energy and 8.8% conversion efficiency has been reported [15]. Although those above-mentioned Raman lasers have been proven as mature technology to generate high-power ns-pulsed laser, they manifest a profound thermal lens effect which consequently restricts further power promotion and even leads to beam deterioration and crystal damage. Besides, the relatively small Raman phonon vibration frequency of those crystals leads to complicated optical device design, usually based on the cascaded SRS process to access the required output wavelength.
Single-crystal diamond is an excellent crystalline Raman material with superior properties [16], such as preeminent thermal conductivity, high damage threshold, high Raman gain coefficient and the maximal Raman frequency shift. With these extraordinary characteristics, a considerable amount of literature has been published on diamond Raman lasers (DRLs) in the last decade. The remarkable achievements of DRLs have been incorporated into various Raman laser formats, including deep UV [17], visible [18–23], NIR [24–30] and MIR [31] wavelengths in continuous wave (CW) [32], quasi-CW (QCW) [28–30] and pulsed [18, 22, 24–26, 33–37] regimes. For the ns-pulsed DRL, maximum pulse energy of 9 mJ at 1.240 μm with pulse width of 8 ns and conversion efficiency of 24% has been reported by Robert J. Williams at Macquarie University [38].
In this paper, we summarize the development of ns-pulsed DRLs that have been explored over the past decade. Firstly, we detail the comparison of diamond and other Raman crystals about their optical and physical properties. The subsequent sections review the development stages of ns-pulsed DRLs operating near quantum limit, wide wavelength coverage, single frequency operation, beam brightness enhancement and microcavity resonator. Lastly, we discuss the current limitations and the further steps of the ns-pulsed DRLs.
SUPERIOR PROPERTIES OF DIAMOND CRYSTAL
With the development of crystal-growth technology, many crystalline Raman mediums, including YVO4, BaWO4, Ba(NO3)2 and diamond, become commercially available and the attained Raman lasers move to a mature stage. The choice standards or central characteristics of Raman crystal for SRS laser performance rest on a combination of factors, including Raman mode shift, Raman gain coefficient, transmission spectrum, crystal damage threshold and thermal conductivity. Some representative optical and physical properties of common Raman crystals are detailed in Table 1. According to Table 1, diamond crystal shows many distinguished optical and thermal properties. The main properties of diamond with some common crystalline Raman materials are outlined below.
TABLE 1 | Optical and physical properties of some of common Raman crystals [16].
[image: Table 1]Wide transmission spectrum
Diamond has the widest spectrum transmittance among all the Raman crystals. Except for the UV-edge absorption (λ < 0.225 μm) and the infrared lattice absorption in the range of 2.6–6.2 μm, diamond possesses high transmittance in the spectrum range from 0.23 to 100 μm [16]. Furthermore, combined with the widest transparent region and the largest crystalline Raman shift 1332.3 cm−1, the output wavelength of DRLs can be greatly expanded by means of a cascaded SRS process.
Preeminent thermal characteristics
The thermal dissipation capacity for many Raman crystals must be taken into account since it impacts markedly on the Raman laser power scaling. When the heat deposited in the Raman crystal is unable to dissipate promptly, the negative thermal effects such as thermal lensing and birefringence will occur, destabilizing the laser resonator and then restricting the laser beam quality, output power and conversion efficiency [42]. The CVD-grown single diamond crystal has been measured to have a record-high thermal conductivity (2000 W/m K), two to three orders of magnitude higher than other conventional Raman crystals, and an extremely low thermal expansion coefficient (1.1 × 10−6 K−1), at least four times lower than other crystals [16, 43].
High damage threshold
The high Raman gain (10–16 cm/GW at 1 μm [24]) and the superior thermal characteristics make diamond promising for generating high-power ns-pulsed Raman laser. The pivotal limitation of pulse energy increase is the surface damage threshold of gain crystal. Compared to the reported damage threshold of PbWO4 (∼0.25 GW/cm2) [39] and Ba(NO3)2 (∼0.4 GW/cm2) [40] at 0.532 μm, uncoated diamond crystal has a much higher surface damage threshold of 2 GW/cm2 at 0.532 μm and 8 GW/cm2 at 1.064 μm, which manifests the potential of diamond crystal to address high-power ns-pulsed Raman laser. For ns-pulsed DRLs, damage-free operation was achieved experimentally when the intracavity accepted approximately 300 MW/cm2 incident pump (1.064 μm, 10-ns pulse width) and similar first Stokes (1.240 μm) intensity. When the resonator was designed to mainly output the second Stokes at 1.485 μm (the output coupling at the first Stokes < 2%), only the anti-reflection coatings damage of diamond was observed and the intracavity intensity was about 1 GW/cm2 (including pump and Stokes energy) [41].
NS-PULSED DIAMOND RAMAN LASERS OPERATING NEAR THE QUANTUM LIMIT
The slope efficiency defined as the slope of the curve obtained by plotting the laser output power versus the pump power is a crucial index to evaluate the Raman laser performance, since it is determined by comprehensive factors of the resonator, including bulk absorption loss, Raman quantum defect, the output coupling of the laser resonator and so on. Due to the commercialization of high-quality single-crystal diamond, DRLs have shown near quantum-limited high slope efficiency [24, 25].
In 2010, Alexander Sabella et al. from Macquarie University achieved a 1.240 μm diamond Raman laser operating near the quantum limit [24]. The pump source was a linearly polarized Q-switched Nd: YAG laser operating at the center wavelength of 1.064 μm with maximum output energy of 0.9 mJ and pulse repetition of 5 kHz. The Raman medium was a 6.9-mm-long anti-reflection (AR) coated, Type IIa single diamond crystal (Element Six, United Kingdom). To access the maximum Raman gain, the pump polarization direction was rotated parallel to the <111> axis in diamond. The maximum conversion efficiency was 61% for the first Stokes and 65% for the total (first and second) Stokes. Before the second Stokes generation, the slope efficiency was 84%, which is near the quantum efficiency of 85.8%. The gap between the experimental slope efficiency and the quantum efficiency was owing to the parasitic losses. To maintain a near-quantum slope efficiency of DRL at the first Stokes, the generation of second Stokes must be suppressed. The most effective way is to optimize the input and output coupler coatings. Hence, Yao Wang et al. from China Academy of Engineering Physics, studied the relationship between cavity coupling and their output characteristics in 2020 [25]. The experimental setup is similar to the reference [24] shown in Figure 1.
[image: Figure 1]FIGURE 1 | The experimental setup in [25]. HWP, half-wave plate; ISO, optical isolator; TM, turning mirror; FL, focus lens; IM, input mirror; OC, output coupler; LF, long-pass filter. Image originally published in Ref. [25] and reproduced with permission from IOP Publishing.
In this experiment, a homemade Q-switched Nd: YVO4 laser with a maximum pulse energy of 1 mJ at 1.0644 μm was used as the pump source for the external cavity DRL. The maximum output pulse energy of the first Stokes was 0.26 mJ with the incident pump of ∼0.8 mJ, and the slope efficiency was 84.3%, which was higher than that in [24] and closer to the quantum limit of 85.8%. However, non-optimal transmittance of cavity mirrors and the intracavity wastage led to a much lower conversion efficiency of 32.2% compared to 61% in Ref. [24]. In the next experiment, an input mirror with lower transmission (20%) at 1.485 μm was used to replace the original one and the first Stokes and the second Stokes were generated simultaneously. The maximum output pulse energy of total Raman energy was 0.44 mJ (the first and the second Stokes was 0.26 and 0.18 mJ, respectively) at the maximum pump level (∼0.9 mJ) with the slope efficiency of 73%, which was the highest slope efficiency in dual-wavelength external cavity DRLs. Besides, the total conversion efficiency was increased to 49%. The results of ns-pulsed DRLs operating near the quantum limit are briefly reviewed in Table 2.
TABLE 2 | Summaries of ns-pulsed DRLs operating near the quantum limit.
[image: Table 2]WAVELENGTH EXPANSION OF NS-PULSED DIAMOND RAMAN LASERS
Due to the wide transparent region, ns-pulsed DRLs are able to realize visible, NIR or MIR operation. Besides, the high Raman gain of diamond in different bands supports the efficient output wavelength extension. The stationary gain coefficient of visible and NIR bands is summarized in Ref. [44] (Figure 2). For typical wavelengths, diamond Raman gain coefficient is about 75 cm/GW [45] at 0.532 μm and 10–16 cm/GW [24] at 1 μm.
[image: Figure 2]FIGURE 2 | Stationary gain coefficient as a function of pump wavelength. Reference to the data points are summarized in Ref. [44]. The curve using Equations (1.13), (1.14) and (1.20) in Ref. [44].
Katerina Chrysalidis et al. from CERN have demonstrated an efficient and high beam quality visible ns-pulsed DRL with stable linewidth of 5 GHz and continuously tunable wavelength from 0.475 to 0.5 μm [46]. An 8-mm-long CVD-grown single crystal was placed at an angle of 10° with respect to the resonator mode to avoid etalon effects introduced by the uncoated Raman medium. The schematic layout and beam spatial profile are shown in Figure 3. The large tunability and stable linewidth in the GHz range were mainly designed for resonance laser ionization. In 2009, R. P. Mildren and A. Sabella used a 6.7-mm-long Brewster-cut diamond crystal to realize a 0.237 mJ output external cavity DRL at 0.573 μm with 5 kHz repetition rate and 6.5 ns FWHM pulse duration [21]. The conversion and slope efficiency were 63.5% and 75%, respectively. Recently, ns-pulsed DRLs at visible region using internal cavity frequency doubling technology has been demonstrated. An intracavity frequency double pulsed DRL emitting at 0.620 μm with 0.15 mJ output energy, 11% conversion efficiency and 5 kHz repetition rate was designed by Yilan Chen et al. [47] and the experimental setup is shown in Figure 4.
[image: Figure 3]FIGURE 3 | Schematic layout and beam spatial profile of Ref. [46]. HR, high reflect mirror; Mx, mirror. Image originally published in Ref. [46] and reproduced with permission according to the open access licenses © [2019] Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement.
[image: Figure 4]FIGURE 4 | The experimental setup in Ref. [47]. IM, input mirror; OC, output coupler; M, mirror. Image originally published in Ref. [47] and reproduced with permission from Springer Nature.
Since light longer than ∼1.4 μm is strongly absorbed in the eye’s cornea and lens and thus the retina of the eyes will keep away from damage, plenty of ns-pulsed DRLs at the “eye-safe range” have been reported. In 2014, Aaron McKay et al. used an 8-mm-long AR-coated diamond and achieved 0.46 mJ s Stokes (1.485 μm) and 40% conversion efficiency with a high repetition of 35 kHz [35]. Moreover, M. Jelinek, Jr et al. from Czech Technical University achieved a wavelength of 1.63 μm external cavity DRL with 0.047 mJ and 6 ns pulse duration [48]. For higher energy pursuit, in 2018, Robert J. Williams et al. developed the highest output energy of 9.7 mJ at 1.240 μm, to the best of our knowledge, in a flat-flat cavity DRL with 24.5% energy conversion efficiency, 46% slope efficiency and high beam quality [38].
Due to the infrared lattice absorption in the range of 2.6–6.2 μm, the extension of DRLs to MIR wavelength is challenging. In 2019, Giorgos Demetriou, Alan J. Kemp and Vasili Savitski from the Institute of Photonics reported a 1.67 mJ output DRL operating at 2.52 μm with 38% conversion efficiency and 11–15 ns pulse duration [49], and the layout of the experimental setup is shown in Figure 5. Due to the practical application of plastics processing, this work proved the feasibility of DRLs at the wavelength of MIR.
[image: Figure 5]FIGURE 5 | Layout of the experimental setup in Ref. [49]. Image originally published in Ref. [49] and reproduced with permission according to the open access licenses © [2019] Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement.
Furthermore, the multiphoton absorption bands of diamond (2.6–6.2 μm) are much narrower than silicon (6–30 μm), making diamond an alternative to silicon. In 2014, Alexander Sabella et al. from Macquarie University reported a tunable MIR DRL operating from 3.38 to 3.80 μm by varying the OPO pump wavelength, which was the longest wavelength in solid-state Raman laser to our knowledge [31]. A delicate structure depicted in Figure 6 is designed. The maximum Stokes output energy of 115 μJ was achieved by introducing a second pump at an anti-Stokes wavelength to initiate a seed at the Stokes by four waves mixing effect. This remarkable study provided a novel approach for MIR wavelength and even for the generation of wavelengths longer than 6 μm. The research mentioned above are concluded in Table 3.
[image: Figure 6]FIGURE 6 | Layout of the diamond Raman laser in Ref. [31]. Image originally published in Ref. [31] and reproduced with permission from Optica Publishing group © The Optical Society.
TABLE 3 | Summary of DRLs for wavelength expansion.
[image: Table 3]NS-PULSED DIAMOND RAMAN LASERS OPERATING AT SINGLE LONGITUDINAL MODE
Due to the high pulse energy and narrow linewidth, ns-pulsed Raman lasers with flexible wavelengths are widely used in many crucial applications, such as coherent detection, high-resolution spectroscopy, laser isotope separation, and so on. Four typical techniques for obtaining SLM operation in DRLs were summarized in Ref. [50], including the non-spatial-hole-burning effect of Raman gain, cavity locking, intracavity nonlinear gain competition, and inserting mode selection elements. However, the SLM DRLs were all operating in CW or Q-CW [19, 32, 51–53].
Recently, Houjie Ma et al. from Guangdong Provincial Engineering Research Center of Crystal and Laser Technology demonstrated the first ns-pulsed SLM intracavity DRL operating at 1.634 μm pumped by a Q-switched 1.342 μm Nd: YVO4 laser [26]. The experimental diagram is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Diagram of the ns pulsed SLM DRL at 1.634 μm reported in Ref. [26]. LD, laser diode; F1 + F2, telescopic system; M, mirror; AOS, acousto-optic switch. Image originally published in Ref. [26] and reproduced with permission from Optica Publishing group © The Optical Society.
A 9-mm-long Raman cavity with a 6-mm-long diamond was designed to increase the cavity mode spacing to 8.6 GHz, which limited the number of oscillating modes. A 0.3-mm-thick etalon with fitness of 3.3 was inserted to realize the high power SLM operation. At the incident pump power of ∼0.9 mJ, the highest SLM output power of 0.065 mJ was obtained with a pulse duration of ∼9 ns and a spectral linewidth of ∼77 MHz. In the same year, a monolithic diamond SLM resonator was demonstrated by Eduardo Granados et al. from CERN [22]. A tunable dye laser with a linewidth of 11.9 GHz was used as the pump source. In this experiment, the length of the monolithic diamond cavity was 5 mm, corresponding to the cavity-free spectral range (FSR) of 12 GHz, which was close to the linewidth of the dye pump laser. The schematic of the laser system was shown in Figure 8. The output linewidth of the SLM Stokes was ∼200 MHz and the pulse energy was ∼0.1 mJ with an energy conversion efficiency of 47%. The comparison of two ns-pulsed SLM DRLs is detailed in Table 4.
[image: Figure 8]FIGURE 8 | Experiment setup of the SLM monolithic diamond laser at 0.614 μm [22]. HWP, half-wave-plate; PBS, polarizing beam splitter; FL, focusing lens; PM, power meter; PD, photodiode; SFPI, scanning Fabry-Perot interferometer. Image originally published in Ref. [22] and reproduced with permission according to the open access licenses © [2022] Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement.
TABLE 4 | The review of SLM ns-pulsed DRLs.
[image: Table 4]BEAM BRIGHTNESS ENHANCEMENT OF NS-PULSED DIAMOND RAMAN LASERS
One of the most remarkable features of Raman lasers is the beam clean-up effect. This Raman beam clean-up feature is shown in the experiment as the beam quality factor ([image: image]) of Stokes is smaller than that of the incident pump beam due to the direct consequence of four-wave mixing and gain-guiding [54]. Two important parameters describing the beam quality of lasers are the beam quality factor [image: image] and the brightness of beam B. They were defined as
[image: image]
where the [image: image] is the beam waist diameter, [image: image] is the beam divergence angle, P is the average power, λ is the wavelength, and [image: image] and [image: image] are the beam quality factors of two orthogonal axes [35]. The beam aberration, focus ability and beam intensity can be easily depicted by these parameters.
In the experiment of an efficient second Stokes external DRL at 1.485 μm, Alexander Sabella et al. demonstrated an ns-pulsed output with near diffraction-limited beam quality ([image: image]) pumped by an Nd:YAG laser with beam quality ([image: image]) [33]. In 2014, Aaron McKay et al. achieved simultaneous brightness enhancement and high conversion efficiency in an external cavity DRL [35]. The beam quality factors [image: image] was 1.17 ± 0.08 for average output power up to 10 W, which was 2.7 times lower than the factor of the incident pump. The beam profiles of the pump and Raman are shown in Figure 9A. The brightness of input and output beams were 289.4 [image: image] and 334.5 [image: image], respectively, corresponding to a brightness enhancement of ∼1.16. Although the pump beam quality was much worse than that in Ref. [33], a higher Stokes power of 16.2 W and similar conversion efficiency of 40% were achieved.
[image: Figure 9]FIGURE 9 | The beam profiles of pump and Raman lasers. (A) diamond Raman laser [35]; (B) Barium nitrate Raman laser [55]. Image (A) originally published in Ref. [35] and reproduced with permission from WILEY—VCH VERLAG GMBH & CO. Image (B) originally published in Ref. [55] and reproduced with permission from Springer Nature.
In comparison, for barium nitrate Raman crystal, though the positive lens was used to compensate the thermal lens effect, the beam quality factor was not improved and still approximate of 3 (shown in Figure 9B) at an average output power of 5.5W [55]. The low thermal conductivity and high thermal expansion of molecular-ion Raman crystals lead to severe thermal induced beam distortion that may counteract the benefits from Raman beam cleanup effect [33]. The details of the above-mentioned references are shown in Table 5.
TABLE 5 | The summary of brightness enhancement ns pulsed Raman lasers.
[image: Table 5]MICROCAVITY NS-PULSED DIAMOND RAMAN LASERS
In comparison to the traditional resonator structure, the microcavity is beneficial to the simplification of cavity design, the compactness of laser structure, the suppression of mode-hopping and the implementation of SLM operation. In microcavity DRLs, the interior of the diamond crystal acts as the gain medium and the surfaces serves as the cavity mirrors, which signify a plane-plane resonant cavity is constituted only by a piece of diamond crystal.
Early in 2015, Sean Reilly et al. from University of Strathclyde has been experimentally demonstrated the feasibility of monolithic DRLs by comparing it to a plane-plane cavity [56]. The experiment results showed that the total output energy and conversion efficiency of the microcavity were 0.0134 mJ and 84%, respectively, which were higher than those in the plane-plane case. An array of spherical microlenses were etched on the incident surface of diamond with the purpose of reducing pump spot size. The schematic diagram is shown in Figure 10.
[image: Figure 10]FIGURE 10 | Schematic diagram of experimental setup in Ref. [56]. Image originally published in Ref. [56] and reproduced with permission from Optica Publishing group © The Optical Society.
In 2021, Shihui Ma et al. from Tianjin University of Technology focused on the reflectance of the surfaces of diamond and the beam radiuses of pump, and reported a microcavity ns-pulsed second Stokes DRL constructed using a 6-mm-long diamond (supplied by Ningbo Institute of Material Technology & Engineering) as the Raman medium pumped by using a solid-state pulsed green laser (0.532 μm) with a repetition rate of 10 kHz and pulse width of 22 ns [18]. For the second Stokes output at 0.620 μm, an output power of 0.195 mJ and slope efficiency of 22.8% were obtained by optimizing the beam size of the incident pump and the reflectivity of the diamond output and input surfaces. The schematic of the diamond Raman red laser is shown in Figure 11. Moreover, the above-mentioned Ref. [22] took advantage of microcavity using a 5-mm-long diamond to achieve an SLM ns-pulsed Stokes output. These three experimental results are arranged in Table 6.
[image: Figure 11]FIGURE 11 | Schematic of the diamond Raman red laser in Ref. [18]. Image originally published in Ref. [18] and reproduced with permission from ELSEVIER BV.
TABLE 6 | Summary of microcavity ns-pulsed DRLs.
[image: Table 6]DISCUSSIONS AND CONCLUSION
This paper summarizes the research status of ns-pulsed Raman lasers based on the excellent single-crystal diamond. Due to the high material quality and gain coefficient, near quantum-limit Raman conversion efficiency was achieved and a maximum ns-pulse energy of about 10 mJ at 1.240 μm was reported. As a consequence of the broad transmission window, ns-pulsed DRLs have been demonstrated at wavelengths covering from visible at 0.475 μm to NIR at 1.240 μm to MIR at 3.80 μm. The nature of spatial-hole-burning free and beam clean-up make ns-pulsed DRLs suitable for narrow-linewidth output with SLM and bright beam output with near diffraction limit. Monolithic DRL has the advantages of compact integration, robustness and narrow spectral output, so it draws great attention to generate stable ns-pulsed SLM outputs. The representative results of ns-pulsed DRLs are shown in Table 7.
TABLE 7 | The representative results of ns-pulsed DRLs.
[image: Table 7]Improving the output power of ns-pulsed laser is an eternal pursuit. Currently, the main limitation of ns-pulsed DRL for power scaling is the available Type IIa diamond crystal dimensions, which are reported to be up to 10 mm2 × 4 mm2 × 2 mm2. The intracavity Raman gain is inadequate due to the short crystal length, and the pulse intensity of the pump and the generated Stokes has been closed to the crystal damage threshold because of the limited beam size inside the diamond crystal. For example, in the case of the pulse duration of 10 ns, the damage threshold of 8 GW/cm2, beam waist of 1 mm2, crystal length of 10 mm and conversion efficiency of 50%, the maximum output energy of 1.240 μm is calculated as 267 mJ. Owning to the excellent thermal properties and beam clean-up effect, diamond is well suited to achieve ns-pulsed output with high pulse energy, high pulse frequency rate and good beam quality. Besides, ns pulsed DRLs have currently concentrated in the visible, NIR and “eye-safe” bands. With the wide transparence, DRL can be easily extended to ultraviolet and MIR region by using frequency doubling, sum and difference frequency, and cascaded Raman shifts. Finally, taking advantage of the no spatial-hole burning effect, high power ns-pulsed DRLs with narrow linewidth and excellent coherence are also promising.
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