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Abstract

:

In this paper, we present a picosecond pulsed, synchronously pumped optical parametric oscillator producing vortex beam output with tunable wavelengths in the near- to mid-infrared range. The system utilizes a Nd:YVO4 picosecond pulsed solid-state laser emitting at a wavelength of 1.064 µm to pump a Z-shaped, singly resonant OPO which contains a MgO:PPLN crystal with a fan-shaped grating. The wavelength tuning characteristics of the OPO output are examined both as a function of the MgO:PPLN grating period and crystal temperature. The orbital angular momentum of the pump field can be selectively transferred to either the signal or idler fields by appropriately adjusting the location of the MgO:PPLN crystal within the OPO cavity. The maximum output power of the signal and idler vortex fields are 5.12 W and 3.46 W, respectively, for an incident pump power of 19 W.
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1. Introduction


Optical vortex beams possess orbital angular momentum (OAM) and have a helical wavefront and a phase singularity. When theoretically describing these beams, these characteristics manifest in an azimuthal phase term, eilΦ, where l represents the OAM [1,2]. Optical vortex beams have found a use in applications including optical communications [3,4], optical trapping [2], ultrafast closed-loop spectroscopy [5,6], quantum optics [7,8,9,10], and fine trapping and rotation of particles [11,12]. Optical vortex beams have the capacity to impart momentum to physical media and can twist materials to produce novel micro- and nano-structures which may be useful for new technologies such as chiral-sensitive nano-imaging systems and planar metamaterials [13,14]. While optical vortex beams have enabled a range of new technologies, they are still somewhat limited with respect to their wavelength diversity and OAM control. As such, it is crucial that new techniques are developed which can facilitate such diversity and control, and thus expand the range of applications for these types of beams. Nonlinear frequency conversion techniques including second-harmonic generation [15], sum-frequency generation [16,17], optical parametric oscillation (OPO) [18,19,20,21,22], optical parameter amplification [23], and stimulated Raman scattering [24] are perhaps the most commonly applied laser wavelength conversion techniques. In particular, OPOs are commonly used for the generation of near- to mid-infrared, continuously wavelength-tunable laser emissions with high output power, and work across all temporal modalities (continuous wave to ultrashort pulse). In the context of vortex laser beams, OPOs have been utilized for wide wavelength conversion [25] and OAM transfer (from the pump field to either the signal or idler fields) [26,27,28,29].



One of the key applications for vortex laser beams in the near-infrared (1.5–2 µm) wavelength range is optical communications [30,31]. This is due to commercial quartz optical fibers having low loss in this wavelength band, and the OAM characteristics of these beams can be used as an additional degree of freedom for carrying information [32,33]. Vortex beams operating in the mid-infrared region have potential use in applications including quantum optics, materials processing, novel medical diagnosis and treatment, and infrared optoelectronic countermeasures. These applications are made possible due to the characteristic absorption spectra of a wide range of molecules and atoms in the mid-infrared (3–5 µm) wavelength range [34].



The field of ultrafast optics has seen rapid development with the advent of ultrafast lasers which have extremely short pulse durations and ultrahigh peak powers. One of the most interesting aspects of vortex laser research is the application of ultrafast optics with vortex laser beams. This has spawned a wave of new research in topics including nonlinear optics, stimulated emission loss microscopy, and chiral metal nano-structuring [35,36,37]. In particular, optical vortex beams with a picosecond pulse duration have been used to great effect for the fabrication of high aspect-ratio chiral nano-structures, leveraging the cold ablation effect [38]. We anticipate that picosecond pulsed optical vortex beams with wavelengths in the near- and mid-infrared region will be used as an enabling technology in fields such as molecular spectroscopy and organic materials processing.



Recently, there have been a number of reports demonstrating the operation of a synchronously pumped optical parametric oscillator which generates picosecond optical vortex pulses in the near- and mid-infrared wavelength region by using an X-type cavity [39,40,41,42]. The reports highlight the complexity of X-type OPO cavities and their limited wavelength tunability. In these reports, the broadest wavelength tuning range from the OPO was 2538–4035 nm and the maximum output power was 2.2 W. The generation of OPO output wavelengths beyond 4 μm is challenging due to the increasing absorption characteristics of nonlinear crystals (in particular, MgO:PPLN) in the mid- to long-infrared wavelength ranges.



In our prior work, we have reported a synchronously pumped, singly resonant (for the signal field), Z-type OPO with a very high cavity Q-factor [43]. This system produced vortex laser output with tunable output wavelengths in the range of 2.6–5 μm. The maximum vortex output power that could be achieved was 3.7 W, at a wavelength of 2.6 μm, for an incident pump power of 15 W. We note that the very high Q-factor of the singly resonant cavity prohibited oscillation of the signal field beam with a vortex mode and, as such, the OAM of the incident pump beam was always transferred to the idler field.



In this body of work, we investigate the controlled transfer of OAM from the incident pump field to the signal and idler fields by using a Z-shaped, singly resonant (for the signal field), synchronously pumped OPO cavity with a low cavity Q-factor. This OPO can control the transfer of OAM by simply modulating the crystal position. We demonstrate the effective generation of near- and mid-infrared picosecond pulsed vortex outputs with wavelength tuning across the range of 1.3–5 μm by changing both the grating period and temperature of the MgO:PPLN crystal. The OAM of the pump beam could be selectively transferred to either the signal or idler fields, adjusting the position of the MgO:PPLN crystal relative to the focusing cavity mirrors. At a maximum incident pump power of 19 W, the output signal vortex field at 1743 nm had a maximum output power of 5.12 W, and the idler vortex field at 2731 nm had a maximum output power of 3.46 W, with conversion efficiencies of 27% and 18.2%, respectively.




2. Experimental Method


The experimental setup of the near- to mid-infrared picosecond pulsed vortex OPO is shown in Figure 1a. An all-solid-state Nd:YVO4 laser (a pulse width of 15 ps, a repetition rate of 120 MHz, and a maximum output power of 20 W emitting) at 1064 nm with long lifetime, compact structure, high stability, and a Gaussian spatial intensity profile (M2 < 1.3) was used as the pump source. A half-wave plate (HWP) and a polarizing beam splitter (PBS) were used to control the power of the pump field. A second λ/2 plate was used to adjust the polarization of the pump beam relative to the crystal axis of the MgO:PPLN, so as to achieve type 0 (e → e+e) phase-matching of the parametric process. To convert the Gaussian pump beam to a vortex beam, a spiral phase plate (SPP) azimuthally divided into 16 segments was used. The SPP used in the experiment was made of quartz, so it had a high damage threshold and a power loss of 4% to the pump beam. The spatial profile of the generated vortex pump beam is shown inset in Figure 1a, which ensures OPO with vortex beam and extracavity pumping. A lens with a focal length of 125 mm was used to focus the pump vortex beam to a spot with a waist radius of 90 µm at the center of the MgO:PPLN crystal. The MgO:PPLN crystal had a MgO doping of 5% and was 50 mm long, 16 mm wide, and 2 mm thick. The fan-out grating in the MgO:PPLN crystal had a variable period which ranged from 26 to 32 µm. The crystal was mounted in a compact oven which enabled control of the crystal temperature from 25to 200 °C with a precision of 0.1 °C. The oven was mounted on a 3-axis translation stage which enabled precise positioning of the MgO:PPLN crystal in both y-axis and x-axis directions, as shown in Figure 1b. By changing the position of the MgO:PPLN crystal on the y-axis, different grating periods could be accessed for wavelength tuning of the signal and idler fields. Horizontal (x-axis) positioning changed the location of the MgO:PPLN crystal relative to the cavity mirrors; as will be detailed further, this influenced the OAM-transfer properties of the system. The two end faces of the MgO:PPLN crystal were coated anti-reflecting for wavelengths of 1.064 µm (pump field), 1.4–1.75 µm (signal field), and 2.5–5 µm (idler field) outputs.



The OPO was designed to be synchronously pumped (with the cavity round-trip time matched with the repetition rate of the pump laser), singly resonant for the signal field, and comprised a standing wave Z-shaped cavity with five mirrors. Plane-concave mirrors M2 (R = 150 mm) and M3 (R = 150 mm) were positioned 90 mm from the two end faces of the MgO:PPLN crystal. A plane-concave mirror M4 (R = 500 mm) and two flat mirrors M1 and M5 were incorporated to form the OPO cavity. Mirrors M1–M4 were coated high-reflecting for the signal field (1.4–1.75 µm, R > 99.9%) and coated anti-reflecting for the pump and idler fields (1064 nm, R < 0.5%; 2.5–5 µm, R < 2%). Mirror M5 was coated partially transmitting for the signal field (1.4–1.75 µm, R~80%) to ensure the signal field resonated within the cavity (with low Q factor).



In order to examine the mechanism of OAM transfer between the pump and output fields of this OPO, the relative distance between each end of the MgO:PPLN crystal and the cavity focusing mirrors M2 and M3 was varied. This had the effect of changing the spatial overlap between the pump, signal, and idler fields. The total length of the OPO cavity remained unchanged to maintain pump synchronization. The signal and idler fields were extracted from the OPO through mirrors M5 and M3, respectively. The spatial profiles of these fields were imaged using a Spiricon pyroelectric camera III (Ophir-Spiricon, LLC, 3050 North 300 West, North Logan, UT 84341, USA).




3. Experimental Results and Discussion


We observed that the OAM of the pump field could be transferred to either the signal or idler fields depending upon the position of the MgO:PPLN crystal relative to mirrors M2 and M3. To better understand this observation, we undertook a theoretical analysis wherein we calculated the spatial overlap integral η between the interacting fields within the OPO. As outlined in ref. [18], the spatial overlap efficiency is a function of the radii of the pump (ωp) and resonant signal (ωs) fields. We theoretically estimated the beam radius of the pump and signal fields at various points within the cavity, between M2 and M3. As shown in Figure 1c,d, the beam radius of the pump beam remains relatively invariant at ~90 µm for all positions between M2 and M3 (black lines). This is in contrast to the beam radius of the signal field which has a distinct waist (with minimum radius of 94 µm) centered between M2 and M3, which diverges significantly towards each of the mirrors. The spatial overlap efficiency between the pump and signal fields at the confocal center between mirrors M2 and M3 was 99.7%. When the MgO:PPLN crystal was positioned in the center, between M2 and M3 (Figure 1c), the high overlap efficiency ensured that the OAM of the pump field was transferred to the signal field. In this case, the idler field was generated with a Gaussian spatial profile. A summary of results is shown in Figure 2.



Figure 2(a1–a5) show the spatial intensity profiles of the generated signal field at a range of output wavelengths; in each case, an annular spatial profile with a central null was observed. To determine the order of the vortex signal output, we used the tilted lens method [44]. In this method, when a vortex beam of order l passes through a tilted lens, it is transformed into a multi-lobed beam with l + 1 lobes at the focal plane of the lens. Figure 2(b1–b5) show the spatial profile of each of the vortex signal beams when focused using a tilted lens (f = 300 mm); images were taken at the focal plane of the tilted lens. In each case, the focused beams exhibited two lobes confirming that the generated signal beams had an order of 1, which was identical to that of the pump field. Figure 2(c1–c5) show the spatial intensity profiles of the generated idler beams; in each case, they exhibit a near-Gaussian distribution with the beam quality factor (M2) as 1.3 horizontally and 1.3 vertically, respectively. From the results of Figure 2, it is evident that the OAM of the pump beam is transferred to the signal beam, while the corresponding idler field takes on a Gaussian distribution, thus indicating conservation of OAM in this system.



From our theoretical analysis, we established that the spatial overlap between the pump and signal fields within the MgO:PPLN crystal could be changed simply by adjusting the position of the crystal between mirrors M2 and M3. By moving the position of the crystal 10 mm from the confocal center position between M2 and M3, as shown in Figure 1d, the spatial overlap efficiency between the pump and signal fields was reduced to 80%. We posited that the lower overlap efficiency would limit the ability of the signal field to oscillate as vortex mode, and we expected that the OAM of the pump would be transferred to the nonresonant idler field to fulfil conservation of OAM. This prediction was confirmed in our experiments and the spatial intensity profiles of the generated signal and idler fields are shown in Figure 3. The signal field exhibited a near-Gaussian spatial profile across a range of output wavelengths, as shown in Figure 3(a1–a5). In contrast, the idler field exhibited an annular spatial profile with a central null, as shown in Figure 3(b1–b5); spatial profiles are shown for a range of idler wavelengths. The spatial profiles of the idler field when focused using a tilted lens are shown in Figure 3(c1–c5); these profiles confirm that the idler field had the same OAM as the pump field. It is noteworthy that, when the crystal is at the center of M2 and M3, the signal beam oscillates as vortex mode and the corresponding idler beam generates with Gaussian mode; as the crystal is moved to ~5 mm, the signal and idler beams are obtained with mixed mode (incoherent superposition of a fundamental Gaussian mode and a first-order optical vortex mode, caused by nonmonochromaticity from the PPLN crystal); when the crystal is moved to 10 mm from its original center position, the signal beam oscillates as Gaussian mode and the corresponding idler beam generates with vortex mode.



We examined the wavelength tunability of the signal and idler fields generated from the OPO, and representative spectra are shown in Figure 4. In the first instance, tunability was examined by way of changing the grating period of the MgO:PPLN crystal and maintaining a fixed crystal temperature of 25 °C. When the utilized grating period changed from 26 to 32 μm, the wavelength of the signal and idler fields changed from 1354 to 1738 nm and 2743 to 4956 nm, respectively. The tuning ranges of the signal and idler field outputs could be further extended by changing the temperature of the crystal. By increasing the temperature of the crystal to 190 °C, the wavelength of the signal field could be extended to 2015 nm and the wavelength of the idler field shortened to 2254 nm. We also estimated the full width at half maxima (FWHM) of the signal and idler outputs at different wavelengths, and resulting FWHMs of 1.99 nm (1.74 nm), 2.34 nm (2.15 nm), 2.37 nm (2.25 nm), 2.56 nm (2.58 nm), and 2.72 nm (2.70 nm) were obtained at center wavelengths of 1358 nm (4776 nm), 1522 nm (4096 nm), 1683 nm (3687 nm), 1818 nm (2891 nm), and 2018 nm (2253 nm), respectively.



We investigated the change in maximum output power of the signal and idler fields generated from the OPO as a function of wavelength and for a fixed incident pump power of 19 W; these plots are shown in Figure 5. When the incident pump power was 19 W, the maximum signal field vortex output power achieved was 5.12 W at 1.74 µm and the maximum idler field vortex output power achieved was 3.46 W at 2.73 µm, with conversion efficiencies of 27% and 18.2%, respectively. As can be seen from the curves, the output power of the signal and the idler fields increases and then decreases as the wavelength increases. There are a number of reasons for this characteristic. These include quantum loss and a reduction in the wavelength conversion efficiency as the difference in wavelength between the pump field and that of the signal and idler fields increases, and an increase in photon absorption within the MgO:PPLN crystal for increasingly longer wavelengths. The cavity mirrors used in this OPO also contribute to this observed characteristic, as they have limited reflectivity outside the range of 1.4–1.75 μm. The high output power and conversion efficiency could be achieved from a fundamental Gaussian beam pumped OPO by a careful design of cavity, which satisfies the good overlap efficiency between the pump and resonant signal beam [45].




4. Conclusions


We have demonstrated the design and operation of a synchronously pumped picosecond pulsed OPO, generating vortex beam output with wavelength tunability in the near- to mid-infrared wavelength range of 1.3–5 μm. Wavelength tunability was achieved by varying both the grating period and temperature of the OPO crystal (MgO:PPLN). The low-Q cavity design of the OPO and precise positioning of the MgO:PPLN crystal enabled preferential transfer of the OAM of the pump field to either the signal or idler fields. At a pump power of 19 W, a maximum signal field vortex output power of 5.12 W was achieved at a wavelength of 1743 nm and a maximum idler field vortex output power of 3.46 W was achieved at a wavelength of 2731 nm. We anticipate that such an OPO design, which is capable of generating multi-Watt vortex output modes with wavelengths in the near- to mid-infrared range, may find significant utility in applications such as optical communications and materials processing.
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Figure 1. (a) Experimental setup of the picosecond, vortex-pumped OPO. SPP, spiral phase plate; S, wavelength separators; M, mirrors. The inset show the spatial intensity profile of the vortex pump beam in free-space and when focused through a tilted lens (showing the presence of OAM). (b) Schematic diagram of MgO:PPLN at 3-axis translation. (c) Cavity structure in which the nonlinear crystal is located at the confocal center between M2 and M3. (d) Cavity structure in which the position of the crystal is displaced (by 10 mm) from the confocal center between mirrors M2 and M3. 
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Figure 2. Images showing the spatial intensity profiles of the signal (a1–a5) and idler outputs (c1–c5) from the OPO when the MgO:PPLN crystal was centered between M2 and M3. Images (b1–b5) show the spatial intensity profiles of the signal beam when focused through a tilted lens. 
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Figure 3. Images showing the spatial intensity profiles of the signal (a1–a5) and idler outputs (b1–b5) from the OPO when the MgO:PPLN crystal was offset by 10 mm from the central position between M2 and M3. Images (c1–c5) show the corresponding spatial intensity profiles of the idler beam when focused through a tilted lens. 
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Figure 4. The plots show representative spectral outputs of (a) the signal field and (b) the idler field, as generated from the OPO. The spectra highlight the range of wavelengths that can be generated from the system when changing both the MgO:PPLN grating period and temperature. 
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Figure 5. Plots showing (a) the signal field vortex output power and (b) the idler field vortex output power, both as functions of wavelength, with the incident pump field power fixed at 19 W. 
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