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Abstract

:

This paper demonstrates the capability of sub-nanosecond, high peak power Yb:YAG/Cr4+:YAG/YVO4 passively Q-switched Raman microchip lasers at 1134 nm operated in multiple pulses mode under quasi-continuous-wave (QCW) pumping. Total pulse energy for the Stokes laser was 1.8 mJ with a 4 mm YVO4 crystal and TOC = 16%. The corresponding pulse repetition rate reached 225 kHz within a single pumping pulse. By employing a compact plane-concave cavity and 5 mm YVO4 crystal, the single pulse energy for the Raman laser was further scaled up to 44 μJ. The corresponding peak power was 95 kW. A highest output pulse repetition rate of 87.8 kHz and shortest pulse duration of 464 ps were found for the Raman laser. The results indicate that the Raman microchip laser configuration under QCW LD pumping is a promising approach for developing high peak power, commercial and portable Raman lasers with a pulse duration of several hundred-picoseconds at a pulse repetition rate of hundred kilohertz.
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1. Introduction


Many applications, such as laser induced plasma ignition (LIPI) [1], lidar [2], laser micro processing [3] and planar laser induced fluorescence (PLIF) imaging [4], require high energy sub-nanosecond laser sources with high repetition rates. For example, sub-nanosecond laser sources with a repetition rate of hundred kilohertz provide high detection precision in the area of lidar and laser detection. In laser processing applications, this type of laser also has an improved processing accuracy, compared to nanosecond lasers. A variety of approaches have been explored to generate sub-nanosecond pulses. Currently, laser diode (LD) end-pumped passively Q-switched (PQS) microchip lasers using Cr4+:YAG crystals as saturable absorbers have the merits of low intracavity losses, good stabilities, low costs and are insensitive to misalignment, which can provide sub-nanosecond laser pulses with relative high pulse energy and peak power [2].



Ytterbium (Yb3+)-doped laser gain media exhibit a variety of intrinsic benefits, such as broad absorption spectral bands, relatively simple energy level structures, low quantum defects and long upper state lifetimes [5]. These features motivate producing sub-nanosecond laser pulses with a relatively high pulse energy and peak power based on PQS microchip lasers geometry. To this end, sub-nanosecond Yb:YAG/Cr4+:YAG and Yb:KLu(WO4)2/Cr4+:YAG PQS microchip lasers emitting at 1.03 μm have been demonstrated [6,7,8].



Sub-nanosecond, high peak power PQS microchip lasers can be used for efficient nonlinear optical frequency conversion. Wavelength conversion from 1 μm to 532, 355, 266 and 118 nm has been investigated [2,9,10,11,12,13]. However, extension of the emission spectral range of microchip lasers from 1 μm to 1.1–1.3 μm is still a challenge. Laser radiations in the 1120–1150 nm region can produce yellow–green lasers using frequency doubling [14,15]. In many biomedical applications, yellow–green lasers are desirable for dermatological treatments, cytology, ophthalmology, and dermatology and fluorescence microscopy imaging [14,15,16,17,18,19]. Stimulated Raman scattering (SRS) is an effective solution for extending the emission range and for acquiring specific laser lines that are hard to access using the direct lasing of traditional laser gain media. YVO4 crystal demonstrates excellent optical, thermal and mechanical features, such as a high damage resistance threshold, a large Raman gain coefficient and a broad spectral transparency range, which are beneficial for constructing high energy Raman lasers [20]. In 2001, Kaminskii et al. first proposed and predicted that Yttrium vanadate (YVO4) crystal would be a promising Raman active medium [20]. Both Nd3+ or Yb3+ doped YVO4 crystals have been verified as excellent self-Raman laser materials. With the primary Raman shift line at 890 cm−1 for YVO4 crystal, the fundamental laser wavelength at 1 μm lasing from Nd-doped or Yb-doped lasers can be efficiently converted to the first order Stokes laser at 1.1–1.3 μm. In 2004, Chen et al. investigated a PQS c-cut Nd:YVO4/Cr4+:YAG self-Raman laser, achieving a maximum pulse energy of 7.2 μJ with a pulse duration of 710 ps at the first Stokes laser of 1178.6 nm [21]. In 2005, a Yb:YVO4/Cr4+:YAG self-Raman laser was shown to produce a pulse energy of 3.6 μJ at a repetition rate of 25 kHz at 1119.5 nm [22]. In 2013, Ding et al. demonstrated a c-cut Nd:YVO4/Cr4+:YAG self-Raman laser at 1178 nm with an average output power of 800 mW, a pulse width of 2.6 ns and a peak power of 7.0 kW [23]. In 2017, Jiang et al. utilized a Yb:YAG/YAG/Cr4+:YAG/YAG composite crystal and an a-cut YVO4 Raman crystal in a PQS Raman laser, which obtained multiple Stokes lines ranging from 1092.6–1290.1 nm with a pulse energy of 84.30 μJ and a pulse width of 2.20 ns at a repetition rate of 6.15 kHz [24]. Recently, Zhang et al. reported a Yb:YAG/Cr4+:YAG/YVO4 PQS Raman laser generated dual-pulse Raman lasers with an equal peak power of 1.7 kW at 1134 nm [25].



The concept of a passively Q-switched Raman microchip laser (PQSRML) combines the intracavity SRS effect with a PQS microchip laser technique, which is a method to extend the spectral scope of conventional PQS microchip lasers. Multiple Stokes lines at 1079–1260 nm with a sub-nanosecond pulse width of 440 ps and a high peak power of 9.2 kW have been generated from a Yb:YAG/Cr4+:YAG/YVO4 PQSRML under continuous-wave (CW) pumping [26]. By optimizing the initial transmission of Cr4+:YAG crystals and the transmission of output couplers, an elevated output behavior of 24.1 μJ, 45.1 kW and 535 ps for a Raman laser at 1134 nm from a Yb:YAG/Cr4+:YAG/YVO4 PQSRML was achieved [27]. However, generating Raman laser pulses with simultaneous high pulse energies and high repetition rates is relatively difficult under CW pumping due to the limiting average output power. The quasi-continuous-wave (QCW) pumping of PQSRML generates a high pump intensity and alleviates thermal loading in the laser gain medium, which is beneficial for enhancing the output pulse energy, even in an air-cooled configuration. By adjusting the pumping width and energy parameters, the output Raman laser pulses can work in a multiple pulse mode, generating several pulses oscillated within a single pumping pulse regime, which increases the output repetition rate [28,29,30]. In 2012, P.V. Shpak et al. demonstrated a Nd:YAG/Cr4+:YAG/Ba(NO3)2 PQSRML operating at 1.37 μm under QCW pumping [31], achieving a Raman pulse duration of 100 ps with a peak power of 50 kW at a pulse repetition rate of 24 kHz. In 2014, a QCW LD end-pumped Nd:YAG/Cr4+:YAG/α-BaTeMo2O9 PQS Raman laser emitting at 1177.8 nm with a pulse repetition rate of 21.6 kHz in one of the pump envelopes was demonstrated [32]. But the narrowest pulse duration of the Raman laser was 4.6 ns due to the long Raman cavity. In 2020, Bai et al. reported a PQS Raman laser based on a Yb:YAG/Cr4+:YAG composite crystal and c-cut YVO4 Raman crystal under QCW pumping, which achieved a single pulse energy of 50 µJ, a peak power of 56.9 kW, a pulse duration of 0.88 ns and a maximum pulse repetition rate of 42.6 kHz for the Raman laser [33].



In this work, sub-nanosecond Raman laser radiations in a multiple pulse mode emitting at 1134 nm were generated from Yb:YAG/Cr4+:YAG/YVO4 PQSRMLs utilizing Yb:YAG as the laser gain medium and YVO4 as the Raman gain material under QCW pumping. The dependence of the Raman laser behavior on the transmission of the output couplers and the length of the YVO4 crystal was studied to explore the optimal parameters for maximal Raman pulse energy and peak power. Moreover, a comparison of Raman laser performance in the Yb:YAG/Cr4+:YAG/YVO4 PQSRML between a sandwich-type plane-parallel structure and a compact plane-concave cavity was conducted.




2. Experimental Setup


The Yb:YAG/Cr4+:YAG/YVO4 PQSRML was tested with two cavity configurations. One is a sandwich-type plane-parallel structure and the other is a compact plane-concave cavity. Fiber-coupled, QCW laser diode arrays (nLIGHT Inc., Vancouver, WA, USA) with a core diameter of 200 μm and a numerical aperture of NA = 0.22 that emitted up to 100 W of peak power at 940 nm acted as the pump source. The repetition rate (R.R.) for the QCW LD was set to 10 Hz. The experimental setup of the Yb:YAG/Cr4+:YAG/YVO4 PQSRML with a sandwich-type structure is shown in Figure 1a. A 10% Yb3+ ions doped Yb:YAG crystal with a thickness of 1.2 mm was longitudinally pumped by the 940 nm LD. Figure 1c depicts the square pulse shape of the QCW fiber-coupled LD. Through an optical coupling system composed of two aspheric lenses with focal lengths of 8 mm and 11 mm, the pump radiation was focused into the Yb:YAG crystal with a beam diameter of approximately 275 µm. The transmission spectrum of the coating on the two facets of the Yb:YAG crystal is shown in Figure 1d. The entrance facet of the Yb:YAG crystal was coated for high transmission (HT) at 940 nm (T > 92%) as well as high-reflection (HR) at 1030–1100 nm (R > 99.8%) to act as the rear HR mirror of the microchip laser. The other facet of the Yb:YAG crystal was covered with an anti-reflection (AR) coating (R < 0.2%) at 940 nm and 1030 nm. The coatings on the two facets of the Yb:YAG crystal were originally optimized for the oscillation of the fundamental laser at 1.03 μm, without consideration of a specific design for the first Stokes laser at 1134 nm. As shown in Figure 1d, the reflectivity of the coating on the entrance facet of the Yb:YAG crystal was higher than 99% for 1134 nm and the transmission of the coating on the other facet of the Yb:YAG crystal was higher than 99% for the Raman laser, which means it can act as the oscillating resonator for the Raman laser. The saturable absorber was a 0.5-mm-thick Cr4+:YAG crystal with an initial transmission (T0) of 90%. Two c-cut YVO4 crystals with thicknesses of 4 mm and 5 mm were utilized as the Raman active media. These were AR coated at 1030–1100 nm (R < 0.2%) to reduce cavity Fresnel reflection losses. Two kinds of commercial BK7 plane output couplers (OCs) with partial transmissions (TOC) of 11% and 16% at 1030 nm were used in the experiment. The corresponding transmissions of the output couplers for the Raman laser wavelength at 1134 nm were 13% and 18%, respectively. The optical samples were attached tightly by two copper holders with 3 mm diameter holes in the center allowing the laser to pass through, which also acted as the heat sink to alleviate the thermal effect of the microchip laser. The total geometrical cavity length was the sum of the lengths of Yb:YAG, YVO4 and Cr4+:YAG crystals. The geometrical cavity length was 5.7 mm or 6.7 mm depending on the thickness of the YVO4 crystal. No active cooling device was used and the microchip laser was operated in a natural cooling mode.



Figure 1b shows the experimental setup of the QCW LD end-pumped Yb:YAG/Cr4+:YAG/YVO4 PQSRML with a compact plane-concave cavity. The pump source and coupling system were identical to those used for the plane-parallel microchip laser. A Yb:YAG/Cr4+:YAG composite crystal fabricated using the thermal bonding method was employed as the laser gain material and saturable absorber. The thicknesses of the Yb:YAG and Cr4+:YAG segments were 1.2 and 0.5 mm, respectively. The doping concentration of Yb3+ ions was 10% and the initial transmission was 90%. The rear surface of the Yb:YAG/Cr4+:YAG composite crystal was HT coated at 940 nm (R < 0.2%) and HR coated at 1030–1100 nm (R > 99.8%) to serve as the HR mirror of the cavity. The other surface was AR coated (R < 0.2%) at 940 nm and 1030 nm. A c-cut YVO4 crystal with a thickness of 5 mm was selected as the Raman medium. A commercial BK7 plane-concave output coupler with a 70 mm radius of curvature and a partial transmission of 30% at 1030 nm was used. The corresponding transmission of the OC for the Raman laser wavelength at 1134 nm was measured to be 35%. The composite crystal and YVO4 crystal were tightly mounted by two copper plates with 3 mm diameter central holes. The cavity length was shortened to 13 mm. The microchip laser was also operated in a natural cooling mode.



A longpass optical filter (FEL1100, Thorlabs Inc., Newton, NJ, USA) which was HR coated (R > 99.99%) at 1030 nm and HT coated (T > 90%) at 1114–2150 nm was applied to split the Raman laser and the fundamental laser. The average output power was measured using a power meter (PM200, Thorlabs Inc., Newton, NJ, USA). An optical spectral analyzer (MS9740A, Anritsu Corp., Atsugi-shi, Japan) was used to monitor the spectral information. The laser pulse characteristics were recorded and analyzed using a digital oscilloscope (6 GHz bandwidth, TDS6604, Tektronix Inc., Beaverton, OR, USA) and a fast InGaAs photo-diode (DET08CFC/M, Thorlabs Inc., Newton, NJ, USA) was used to record and analyze the laser pulse characteristics.




3. Experimental Results


3.1. Influences of TOC on the Laser Behavior of the QCW End-Pumped Yb:YAG/Cr4+:YAG/YVO4 PQSRML with a Sandwich-Type Plane-Parallel Structure


At first, the behavior of the QCW LD end-pumped Yb:YAG/Cr4+:YAG/YVO4 PQSRML with a sandwich-type plane-parallel structure was investigated with TOC = 11% and 16%. The pulse width of the QCW LD was 0.9 ms, close to the upper lifetime limit of a Yb:YAG crystal (951 μs) in order to ensure sufficient energy storage time to accumulate inversion particles for the Yb3+ ions. The pumping repetition rate of the QCW LD was 10 Hz. A low duty cycle of 0.9% is recommended for the laser gain medium to have enough time to dissipate heat and reduce the thermal effect.



Figure 2 shows the typical output spectra of the QCW end-pumped Yb:YAG/Cr4+:YAG/YVO4 PQSRML for TOC = 11% and 16%. The first Stokes laser was located at 1134 nm via the primary Raman shift line of 890 cm−1 for the c-cut YVO4 crystal. As illustrated in Figure 2, the number of longitudinal modes of the Stokes laser at 1134 nm is obviously less than that of the fundamental laser at 1030 nm. For example, in the case of TOC = 11%, the emission spectra for the fundamental laser exists in a multi-longitudinal mode consisting of several lines ranging from 1029.3 to 1031.5 nm because of the wide emission bands of the Yb:YAG crystal at 1.03 μm. In contrast, only a strong lasing line at 1134.8 nm together with a weak lasing line at 1132.7 nm for the Raman laser exists in the emission spectra. The SRS effect can be regarded as a longitudinal mode selection process. Only the strong lasing lines of the fundamental laser, which exceed the SRS threshold level, can be converted to Raman laser lines in the intracavity SRS conversion process. Therefore, the single longitudinal mode emission of the Raman laser is expected through further optimizing the parameters of the Raman medium under certain circumstances. The relative spectral strength of the Raman laser and the fundamental laser is related to TOC. For TOC = 11%, the spectral intensity of the Raman laser is apparently higher than that of the fundamental laser.



Figure 3 shows the total output energy of the Raman laser in the QCW LD end-pumped Yb:YAG/Cr4+:YAG/YVO4 PQSRML with a sandwich-type plane-parallel structure for TOC = 11% and 16% versus the incident pump energy (Ein). The output pulse energy was the total energy of several Raman laser pulses within a single pump pulse envelope. As Ein < 20 mJ, the Raman laser output energy for the case of TOC = 11% was slightly higher than for that when TOC = 16%. With further increases in Ein, the Raman laser output energy was higher when TOC = 16% than when TOC = 11%. This was attributed to the strong interaction between the Raman thermal lens effect and the Raman laser intensity during the SRS process. The Raman thermal lens effect is proportional to the time-averaged power density of the first Stokes laser [34]. According to Pheat = PS1(λS1/λL−1) (where PS1 is the time-averaged power of the first-order Stokes laser, and λL and λS1 are the fundamental and first-order Stokes laser wavelengths, respectively) [34], the higher Raman laser output energy of Ein < 20 mJ when TOC = 11% resulted in a more severe Raman thermal lens effect, which in turn restricted the growth rate of the output energy when further increasing Ein. At Ein = 38.2 mJ, the highest output energies of the Raman laser were 1.7 mJ and 1.8 mJ for TOC = 11% and 16% with corresponding optical conversion efficiencies of 4.45% and 4.7%, respectively.



Figure 4 depicts the variation of the pulse repetition rate, pulse duration, single pulse energy and peak power of the Raman laser for TOC = 11% and 16% in the Yb:YAG/Cr4+:YAG/YVO4 PQSRML with a sandwich-type plane-parallel structure versus Ein. The repetition rate under a single pump pulse envelope increased almost linearly with Ein for both TOC = 11% and 16%. At the same pump energy, the repetition rate for TOC = 16% was lower than that when TOC = 11%. This was due to the higher transmission losses induced by higher TOC, which resulted in longer blenching time for the Cr4+:YAG crystal and a larger pulse interval. At Ein = 38.2 mJ, the maximum pulse number within a single pump width for TOC = 11% and 16% was 203 and 166, respectively. The corresponding repetition rate was 225 kHz and 184 kHz, respectively.



The pulse duration (FWHM) exhibits a weak dependence on Ein for TOC = 11% and 16%. At Ein = 3.45 mJ, the narrowest pulse width for TOC = 11% was 650 ps. At Ein = 10.6 mJ, the narrowest pulse width for TOC = 16% was 678 ps.



The single pulse energy and peak power of the Raman laser increase slowly with Ein and then gradually decrease with a further increase of Ein for both TOC = 11% and 16%. The stimulated emission cross-section (σe) of the Yb:YAG crystal and the initial transmission of the Cr4+:YAG crystal are all affected by temperature. The thermal loading and temperature rises in the Yb:YAG crystal reduced the stimulated emission cross section of the Yb:YAG crystal [5,35], which was beneficial for the increase of the single pulse energy and the peak power with increasing Ein. With a further increase in Ein, the initial transmission of Cr4+:YAG crystal tended to slightly increase with the rising temperature [36], which led to a decrease in the single pulse energy under a high pump energy. Moreover, the severe thermal lens effect in the Raman crystal under the high pump energy levels led to a decrease in the Raman gain coefficient [37], which is also a reason for the drop in the Raman single pulse energy and peak power. The single pulse energy and peak power of the Raman laser for TOC = 11% was higher than that when TOC = 16% until Ein reached 15 mJ, and then became lower than that of TOC = 16%. This variation tendency is very similar to that presented in Figure 3, which is caused by the different Raman thermal lens effects for TOC = 11% and 16%. At Ein = 6.35 W, the highest pulse energy and peak power of the Raman laser reached 15.9 μJ and 24.2 kW for TOC = 11%. The highest pulse energy of 13.8 μJ and a peak power of 19.8 kW were obtained at Ein = 20.5 mJ for TOC = 16%. Output pulse properties of the Raman laser for different TOCs are summarized in Table 1.



Figure 5 shows the typical pulse trains and waveforms of the Raman laser in the Yb:YAG/Cr4+:YAG/YVO4 PQSRML with a sandwich-type plane-parallel structure for TOC = 11% and 16%. The temporal shape of an individual pulse waveform is asymmetrical with a steep rising edge and a gentle falling edge. The instability in the intensity of the pulse trains of the Raman laser was 20.3% and 15.6% for TOC = 11% and 16%, respectively. The corresponding pulse-to-pulse timing jitters were 23.4% and 29.4%, respectively.




3.2. Effects of Raman Crystal Length on Laser Performance of Yb:YAG/Cr4+:YAG/YVO4 PQSRML


The output performance of the Raman laser in the Yb:YAG/Cr4+:YAG/YVO4 PQSRML with a sandwich-type plane-parallel structure for two different Raman crystal length (lR) was investigated when TOC is 16%. Figure 6 depicts the output energy of the Raman laser in the Yb:YAG/Cr4+:YAG/YVO4 PQSRML for lR = 4 mm and 5 mm. The Raman threshold pumping energy when lR = 5 mm was lower than that when lR = 4 mm due to the higher SRS gain introduced by the longer Raman crystal length. The total output energy of the Raman laser exhibits a nearly linear dependence on Ein for lR = 4 mm and 5 mm. Highest total output energies of 1.8 mJ and 1.65 mJ were obtained for the Raman laser with lR = 4 mm and 5 mm at Ein = 38.2 mJ, respectively. Although a longer Raman crystal possesses a higher SRS gain, an increase in the Raman crystal length also increases the cavity length, which results in greater intracity losses. Based on the combined interaction of the cavity length and Raman gain, the total output energy of the Raman laser when lR = 5 mm is slightly lower than that when lR = 4 mm.



Figure 7 depicts the pulse repetition rate, pulse duration, single pulse energy and peak power of the Raman laser in the Yb:YAG/Cr4+:YAG/YVO4 PQSRML with a sandwich-type plane–parallel structure for lR = 4 mm and 5 mm versus Ein. Better pulse behaviors (shorter pulse duration, and higher single pulse energy and peak power) were found with a 5 mm YVO4 crystal, indicating that the SRS conversion process was enhanced with a longer lR. The highest single pulse energy was 14.7 μJ for lR = 5 mm YVO4 crystal at Ein = 20.5 mJ. The corresponding peak power of the Raman laser was 26.4 kW.



At Ein = 38.2 mJ, 151 pulses of the Raman laser were generated within a single pump pulse. The corresponding repetition rate was 167 kHz. The pulse duration exhibits a slight dependence on Ein for both lR = 4 mm and 5 mm YVO4 crystal. The shortest pulse duration of 510 ps was obtained for lR = 5 mm at Ein = 7 mJ. Output pulse properties of the Raman laser for different lRs are summarized in Table 2.



Figure 8 shows the typical pulses trains and pulse waveforms under a single pump pulse in the Yb:YAG/Cr4+:YAG/YVO4 PQSRML for lR = 4 mm and 5 mm YVO4 crystal. For the lR = 5 mm YVO4 crystal, the intensity instabilities and timing jitters in the pulse trains of the Raman laser were reduced to 13% and 13.9%, respectively. More stable pulse trains can be obtained with the lR = 5 mm YVO4 crystal. The longer cavity length of the lR = 5 mm YVO4 crystal had more cavity losses, which led to the suppression of the oscillations of the laser pulses with a weak gain, therefore the amplitude fluctuation and time jitters of the Raman laser pulses were reduced.




3.3. Laser Performance of the Yb:YAG/Cr4+:YAG/YVO4 PQSRML with a Compact Plane–Concave Cavity


With the purpose of adjusting the cavity length and flexibly optimizing the mode sizes of the fundamental and Stokes waves, a compact plane-concave cavity was utilized. The plane-concave cavity has a relatively small beam spot in the Raman crystal, which provides a sufficient pump intensity contributing to a better performance in the SRS process. Furthermore, the plane-concave cavity is convenient for placing second harmonic generation crystals, such as KTP and LBO crystals, to develop 0.56 μm yellow–green lasers. In the plane-concave cavity, a lR = 5 mm YVO4 crystal was adopted in order to enhance the intracavity SRS conversion process based on the above experimental results and analyses. An output coupler of TOC = 30% at 1030 nm was used to avoid coating damage at high peak powers.



Figure 9 depicts the variation of the total output pulse energy in the Yb:YAG/Cr4+:YAG/YVO4 PQSRML versus Ein. First, the pulse performance of the 1030 nm fundamental laser was investigated by employing a Yb:YAG/Cr4+:YAG composite crystal and a plane-concave OC without YVO4 crystal. The cavity length was shortened to 10 mm. At Ein = 38.2 mJ, the highest total pulse energy was 14.5 mJ, corresponding to an optical conversion efficiency of 38%. When the YVO4 crystal was inserted into the cavity, the cavity length was increased to 13 mm. At Ein = 38.2 mJ, the total pulse energy of the fundamental laser and the Raman laser was reduced to 11.5 mJ, due to the insertion losses of the YVO4 crystal. The corresponding optical conversion efficiency was 30%. The highest total fundamental laser pulse energy was 10.34 mJ, corresponding to an optical conversion efficiency of 27%. For the 1134 nm Raman laser, the highest total pulse energy was 1.16 mJ, corresponding to an optical conversion efficiency of 3%.



Figure 10 shows output laser characteristics in the Yb:YAG/Cr4+:YAG/YVO4 PQSRML with a plane-concave cavity versus Ein. The repetition rate within a single pump pulse increases linearly with Ein. At Ein = 38.2 mJ, 79 pulses of the Raman laser were generated within a single pump pulse and the corresponding repetition rate was 87.8 kHz.



The Raman laser pulse duration is constant with Ein. The narrowest Raman laser pulse duration was 464 ps at Ein = 10.1 mJ. This contrasts with the laser pulse duration of the fundamental laser increases from 900 ps to 943 ps as Ein grows. The narrowest fundamental laser pulse duration was 864 ps at Ein = 7.2 mJ.



The single pulse energy and peak power grow with Ein and then decrease with further increases in Ein for both the fundamental laser and the Raman laser. The highest single pulse energy and peak power of the Raman laser were 44 μJ and 95 kW at Ein = 8.2 mJ, respectively. For the fundamental laser, the highest single pulse energy was 161.6 μJ with a corresponding peak power of 185 kW at Ein = 15.3 mJ.



Figure 11a shows the global profile of the output Raman pulse cluster with a repetition rate of 10 Hz, which is determined by the given repetition rate of the QCW LD. Figure 11b shows the details of the output Raman pulses for an individual pulse cluster. As illustrated from Figure 11b, 79 pulses of the Raman laser appear within a single pump pulse regime of 1 ms with a corresponding repetition rate of 87.8 kHz, which was modulated by the saturable absorber. The time regime from the first Raman pulse to the last pulse was approximately 900 μs. The amplitude fluctuation and the time jitters were 16.4% and 6.37%. In comparison with the Yb:YAG/Cr4+:YAG/YVO4 PQSRML with a sandwich-type plane-parallel structure, the pulse stability improved.



Figure 12 shows the typical pulse profiles and emitting spectra at Ein = 8.2 mJ. The typical emitting spectra is shown in the inset of Figure 11. The pulse width of the Raman laser is nearly half of the residual fundamental laser, which is compressed in comparison with the fundamental laser.





4. Discussion


Table 3 summarizes the output laser performance of this work and some similar miniature Cr4+:YAG passively Q-switched Raman lasers. From the above comparisons, it can be concluded that the sandwich-type plane-parallel structure of PQSRML is suitable for generating high repetition rate pulses due to a compact plane-plane laser cavity resulting in a short cavity roundtrip time. Low losses in the microchip configuration are also beneficial in improving laser efficiency and output pulse energy. A pulse repetition rate as high as 225 kHz has been demonstrated with a 4 mm YVO4 crystal and TOC = 11%. The pulse duration of the Raman laser was shortened to 510 ps at a repetition of 167 kHz with a 5 mm YVO4 crystal and TOC = 16%. In contrast, the compact plane-concave cavity used in the Yb:YAG/Cr4+:YAG/YVO4 PQSRML is more suitable for boosting the output single pulse energy and peak power of the Raman laser. This work has improved upon previous implementations by demonstrating as high as 95 kW of peak power for the Raman laser based on a compact plane-concave cavity. The miniature plane-concave cavity setup of only a 13 mm cavity length is favorable for shortening the Raman laser pulse duration and improving the Raman laser peak power. In comparison with a separated laser gain medium and saturable absorber configuration, the composite Yb:YAG/Cr4+:YAG crystal eliminates the air gap between the gain medium and the saturable absorber to avoid interface layer damage and provide good thermal management. These features are desirable for generating high peak power pulses of the Raman laser. Moreover, Yb3+-doped laser materials possess various excellent properties, such as large energy storage capacities, low thermal loadings and permitting high concentration doping. PQSRMLs with a typical cavity length of several millimeters can provide low intracavity losses and generate sub-nanosecond pulses, which is also suitable for generating high peak power pulses of the Raman laser. For PQSRMLs using Yb3+-doped laser materials, the selection of TOC should ensure a sufficient intracavity laser intensity for the Raman conversion and also control for strong re-absorption losses of Yb3+ ions at 1.03 μm to avoid another emission line oscillation at 1.05 μm. The improvement in peak power of the Raman laser can also be attributed to the employment of a separate laser gain medium and Raman active medium configuration which allows for good thermal management to prevent serious thermal loading.




5. Conclusions


In conclusion, sub-nanosecond, high peak power Yb:YAG/Cr4+:YAG/YVO4 PQSRMLs based on a sandwich-type plane-parallel structure and a compact plane-concave cavity operated in multiple pulse mode under QCW pumping have been demonstrated. The highest total Raman laser energy was 1.8 mJ, obtained using a combination of 4 mm YVO4 crystal and TOC = 16% with a sandwich-type plane-parallel structure. The corresponding repetition rate reaches 225 kHz under a single LD pump pulse. By using a compact plane-concave cavity and 5 mm YVO4 crystal, the output single pulse energy and peak power of the Raman laser were increased to 44 μJ and 95 kW at a repetition rate of 87.8 kHz. The shortest Raman pulse duration was 464 ps. The sub-nanosecond, high peak power Yb:YAG/Cr4+:YAG/YVO4 PQSRML provides a promising method for developing miniature, low-cost yellow–green laser sources for biomedical applications.
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Figure 1. (a) Experimental setup of the QCW LD end–pumped Yb:YAG/Cr4+:YAG/YVO4 PQSRML with a sandwich–type plane–parallel structure. (b) Experimental setup of the QCW LD end–pumped Yb:YAG/Cr4+:YAG/YVO4 PQSRML with a compact plane–concave cavity. (c) Typical pulse waveform of the QCW LD. (d) Transmission spectrum of the coating on the facets of the Yb:YAG crystal. 
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Figure 2. Typical output spectra of the QCW LD end–pumped Yb:YAG/Cr4+:YAG/YVO4 PQSRML with a sandwich–type plane–parallel structure for TOC = 11% and 16%. (a) TOC = 16%. (b) TOC = 11%. 
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Figure 3. The variation of the total Raman laser output energy in the Yb:YAG/Cr4+:YAG/YVO4 PQSRML with a sandwich−type plane−parallel structure for TOC = 11% and 16% versus Ein. 
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Figure 4. The variation of output properties of the Raman laser in the Yb:YAG/Cr4+:YAG/YVO4 PQSRML with a sandwich−type plane−parallel structure for TOC = 11% and 16% versus Ein. (a) Pulse repetition rate. (b) Pulse duration. (c) Single pulse energy. (d) Peak power. 
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Figure 5. Typical pulse trains and pulse waveforms of the Raman laser in the Yb:YAG/Cr4+:YAG/YVO4 PQSRML with a sandwich−type plane−parallel structure for TOC = 11% and 16%. (a) TOC = 16%. (b) TOC = 11%. 
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Figure 6. The variation of the total Raman laser output energy in the Yb:YAG/Cr4+:YAG/YVO4 PQSRML with a sandwich−type plane−parallel structure for lR = 4 mm and 5 mm versus Ein. 
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Figure 7. The variation of output properties of the Raman laser in the Yb:YAG/Cr4+:YAG/YVO4 PQSRML with a sandwich−type plane−parallel structure for lR = 4 mm and 5 mm versus Ein. (a) Pulse repetition rate. (b) Pulse duration. (c) Single pulse energy. (d) Peak power. 
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Figure 8. Typical pulse trains and pulse waveforms of the Raman laser in the Yb:YAG/Cr4+:YAG/YVO4 PQSRML with a sandwich–type plane–parallel structure for lR = 4 mm and 5 mm. (a) 5 mm YVO4 crystal. (b) 4 mm YVO4 crystal. 
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Figure 9. Total output energy of the Yb:YAG/Cr4+:YAG/YVO4 PQSRML with a compact plane–concave cavity versus Ein. 
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Figure 10. Pulse performance for the fundamental laser and the Raman laser in the Yb:YAG/Cr4+:YAG/YVO4 PQSRML with a compact plane–concave cavity versus Ein. (a) Pulse number and repetition rate. (b) Pulse width. (c) Single pulse energy. (d) Peak power. 
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Figure 11. Typical pulse trains of the Raman laser in the Yb:YAG/Cr4+:YAG/YVO4 PQSRML with a compact plane–concave cavity. (a) Global profile of output pulse cluster. (b) Details for an individual pulse cluster. 
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Figure 12. Typical pulse waveforms and output spectrum in the Yb:YAG/Cr4+:YAG/YVO4 PQSRML with a plane–concave cavity. 
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Table 1. Output pulse properties of the Raman laser in the Yb:YAG/Cr4+:YAG/YVO4 PQSRML with a sandwich-type plane-parallel structure for TOC = 11% and 16%.
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	TOC, %
	Et, mJ
	R.R., kHz
	ES, μJ
	Ppeak, kW
	tS, ps





	11
	1.7
	225
	15.9
	24.2
	650



	16
	1.8
	184
	13.8
	19.8
	678







Et—Total pulse energy, R.R—Repetition rate, Es—Single pulse energy, Ppeak—Peak power, tS—Pulse duration.













 





Table 2. Output pulse properties of the Raman laser in the Yb:YAG/Cr4+:YAG/YVO4 PQSRML with a sandwich–type plane–parallel structure for lR = 4 mm and 5 mm.
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	lR, mm
	Et, mJ
	R.R., kHz
	ES, μJ
	Ppeak, kW
	tS, ps





	4
	1.8
	184
	13.8
	19.8
	678



	5
	1.65
	167
	14.7
	26.4
	510










 





Table 3. Summary of output properties of passively Q-switched micro Raman lasers.
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Crystal

	
Cavity Type

	
Pumping

	
Raman Properties

	
Ref.






	
Yb:YAG/YVO4

	
plane-parallel

	
QCW

	
1134 nm, 44 μJ, 95 kW, 460 ps, 87.8 kHz

	
This work




	
plane-concave

	
1134 nm, 14.7μJ, 26.4 kW, 510 ps, 167 kHz




	
Yb:YAG/YVO4

	
plane-parallel

	
CW

	
1134 nm, 24.1μJ, 45.1 kW, 505 ps, 5.6 kHz

	
[27]




	
Yb:YAG/YVO4

	
plane-concave

	
QCW

	
1134 nm, 50 μJ, 56.9 kW, 880 ps, 42.6 kHz

	
[33]




	
Yb:YAG/YVO4

	
plane-concave

	
CW

	
1079–1260 nm, 4.04 μJ, 9.2 kW, 440 ps, 20.3 kHz

	
[26]




	
Yb:KLuW

	
plane-parallel

	
CW

	
1151 nm, 3 μJ, 1.5 kW, 2 ns, 39 kHz

	
[38]




	
Yb:KLuW

	
plane-concave

	
CW

	
1139.3 nm, 51 μJ, 22.2 kW, 2.3 ns, 26.3 kHz

	
[39]




	
Yb:KGW

	
plane-concave

	
CW

	
1145 nm, 8.2 μJ, 11 kW, 700 ps, 13.3 kHz

	
[40]




	
Nd:GdVO4/YVO4

	
plane-parallel

	
CW

	
1164.4 nm, 1174.7 nm, 0.83 μJ, 1 kW, 825 ps, 48 kHz

	
[41]




	
Nd:YAG/Ba(NO3)2

	
plane-parallel

	
QCW

	
1369 nm, 5 μJ, 50 kW, 100 ps, 24 kHz

	
[31]
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