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Intracavity-pumped Cr2+ : ZnSe laser with ultrabroad tuning range between 1880 and 3100 nm Umit Demirbas and Alphan Sennaroglu Laser Research Laboratory, Department of Physics, Koç University, Rumelifeneri, Sariyer, Istanbul 34450, Turkey Received March 20, 2006; accepted May 5, 2006; posted May 30, 2006 (Doc. ID 69138); published July 10, 2006 We obtained, what is to our knowledge, record tuning from an intracavity-pumped gain-switched Cr2+ : ZnSe laser. In the experiments, a polycrystalline Cr2+ : ZnSe sample with an absorption of about 43% at 1570 nm was used to minimize reabsorption losses at the lasing wavelengths below 2000 nm. By placing the gain medium inside the cavity of a pulsed KTP optical parametric oscillator (OPO) operating at 1570 nm, smooth, continuous tuning was achieved in the 1880– 3100 nm range with four different sets of cavity optics. As high as 145 mW of average laser output power was obtained at 2365 nm with 1.2 W of intracavity OPO power. © 2006 Optical Society of America OCIS codes: 140.3460, 140.5680, 140.3580, 140.3600.



Electron–phonon coupling gives rise to broad absorption and emission bands in transition-metal-doped solid-state gain media, making them attractive for use in many scientific and technological applications. Depending on the ion-host combination, lasing action can be obtained in different spectral regions. Examples of such gain media with wide tuning capability at room temperature include Ti+3 : Al2O3 (660– 1180 nm, ⌬ / 0 ⬵ 0.57, where ⌬ is the full width of the tuning range and 0 is the central tuning wavelength),1 Cr+4 : Mg2SiO4 (1130– 1367 nm, ⌬ / 0 ⬵ 0.19),2 Cr+4 : Y3Al5O12 (1309– 1596 nm, ⌬ / 0 ⬵ 0.20),3 and Co: MgF2 (1750– 2500 nm, ⌬ / 0 ⬵ 0.35).4 In recent years, Cr2+ : ZnSe also emerged as an important solid-state laser source in the midinfrared region.5 To date, different tuning schemes have been used to obtain broad tuning with Cr2+ : ZnSe lasers. With gratings,6 birefringent filters,7 or prisms8,9 as wavelength-selective elements, broad tuning of a Cr2+ : ZnSe gain medium between 2000 and 3100 nm has been achieved.10 Note that tuning with gratings was obtained only in the pulsed regime, whereas tuning with the other wavelength-selective elements was demonstrated in the continuous-wave regime. So far, tuning below 2000 nm has not been possible due to the overlap of the absorption and emission bands [absorption peak 1775 nm, with a width (FWHM) of 365 nm extending from 1500 to 2100 nm].11 In this Letter, we describe continuous tuning of a gain-switched Cr2+ : ZnSe laser in the 1880 to 3100 nm wavelength range. To extend the tuning range below 2000 nm, a sample with a low Cr2+ concentration was used to decrease the self-absorption losses at this wavelength region. To compensate for the reduced absorption of the crystal, an intracavity pumping scheme was further used with a KTP optical parametric oscillator (OPO) operating at 1570 nm. Choosing a pump wavelength close to the lower end of the absorption band was crucial in obtaining laser operation below 2 m. Furthermore, intracavity pumping resulted in about a threefold in0146-9592/06/152293-3/$15.00



crease in the maximum attainable laser power in comparison with single-pass pumping. To the best of our knowledge, this is the first demonstration of lasing below 2000 nm with Cr2+ : ZnSe lasers, making the fractional tuning range 关⌬ / 0 ⬵ 共3100 – 1880兲 / 2490= 0.49兴 comparable with that of Ti+3 : Al2O3 共⌬ / 0 ⬵ 0.57兲 lasers. Figure 1 shows a schematic of the Cr2+ : ZnSe laser intracavity pumped by the KTP OPO. A Q-switched Nd:YAG laser, producing 1 kHz, 145 ns (FWHM) pulses was used as the main pump source. The OPO resonator consisted of a curved dichroic input mirror (M1, R = 10 cm) and a flat output coupler (M2) with a transmission of 32% at 1570 nm. The KTP OPO produced 65 ns (FWHM) pulses at a pulse repetition rate of 1 kHz. A converging lens (L2, f = 10 cm) was used to



Fig. 1. Schematic of the gain-switched OPO intracavity Cr2+ : ZnSe laser. The main pump source was a Q-switched 1 kHz Nd:YAG laser operating at 1064 nm. A 20 mm long KTP crystal was used to produce 1570 nm light. The OPO cavity was constructed between mirrors M1 and M7. The OPO intracavity Cr2+ : ZnSe resonator consisted of the mirrors M3–M6. HWP, half-wave plate, F, filter to block the residual pump at 1570 nm. (See text for a detailed description of the other components.) © 2006 Optical Society of America
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Fig. 2. Efficiency curves for the Cr2+ : ZnSe laser at 2100 nm for single-pass and intracavity pumping. With 1.8 W of Nd:YAG power, 21 and 61 mW of Cr2+ : ZnSe laser output power were obtained for the single-pass pumping and the intracavity configuration, respectively.



collimate the OPO output, which was then sent into the Cr2+ : ZnSe sample with two turning mirrors (HR1, HR2). The pump was focused to a beam waist of about 100 m by a second converging lens (L3, f = 10 cm). The Cr2+ : ZnSe laser was a standard X-cavity, consisting of two curved high reflectors, each with a radius of curvature of 10 cm (M3 and M4), a flat end high reflector (M5), and a flat output coupler (M6). The length of each resonator arm was around 15 cm. A 2 mm thick Cr2+ : ZnSe gain medium prepared using thermal diffusion doping (diffusion temperature, 1000° C; diffusion time, 3 days; dopant, CrSe powder)11 was used in the lasing experiments (Cr2+ concentration= 5.7⫻ 1018 ions/ cm3, fluorescence lifetime, 5 s; small signal absorption at 1570 nm, 43%). The sample was placed at Brewster’s angle between M3 and M4. To demonstrate tuning in different parts of the spectrum, four different mirror sets with central reflectivity wavelengths at 2, 2.25, 2.6, and 2.9 m were used. All the high reflectors had transmission greater than 90% at 1570 nm. A curved gold retroreflector (M7, R = 10 cm) was further placed after the curved high reflector (M4). In addition to enabling double-pass pumping of the gain medium,8,9 this configuration also provides feedback for the OPO setup, extending the effective resonator for 1570 nm oscillation from M1 to M7. In the experiments, tuning was achieved by using a Brewster-cut sapphire prism. The cavity was not purged during the measurements, and the relative humidity was around 40%. To demonstrate tuning below 2 m, the HR set, which had a high reflectivity between 1790 and 2150 nm (reflectivity ⬎99%) was used, along with a 6% output coupler 共1900 nm兲. Figure 2 shows the power performance of the gain-switched Cr2+ : ZnSe laser at 2100 nm. In single-pass pumping configuration, with 1.8 W of Nd:YAG power, 460 mW of OPO power was available to pump the Cr2+ : ZnSe laser. At



this pumping level, only 21 mW of Cr2+ : ZnSe output power could be obtained. In intracavity-pumping configuration, the available OPO pump power with 1.8 W of Nd:YAG power increased from 460 to 810 mW. Besides, double pumping of the pump beam increased the slope efficiency (with respect to incident pump power) of the Cr2+ : ZnSe laser from 6% to 8% and decreased the laser threshold from about 75 to 50 mW. Overall as high as 61 mW of Cr2+ : ZnSe output power was obtained using the intracavity-pumping configuration. The best power performance was obtained with the 2.6 m HR set using a 25% OC. Here, as high as 145 mW of laser output power was obtained at 2365 nm with about 1.2 W of intracavity OPO power (Nd:YAG pump power, 1.8 W). In this case, the slope efficiency with respect to the incident pump power was 12.5%. At this pumping level, only 36 mW of output power could be obtained using single-pass pumping. Similar results were obtained with other high reflectors, except for the 2.25 m HR set, where intracavity pumping could not be achieved due to the low damage threshold of the high reflector coatings. Figure 2 shows the tuning data of the intracavitypumped Cr:ZnSe laser taken with the 2 m HR set. Continuous tuning could be obtained between 1880 and 2130 nm. The solid curve in Fig. 3 shows the estimated round-trip cavity loss due to reabsorption in the gain medium. Note that, due to the low saturation intensity of the Cr2+ : ZnSe gain medium, the actual reabsorption losses were lower during laser operation. The tuning curve was optics limited above 2130 nm, and lasing could not be obtained below 1880 nm due to excessive reabsorption losses. Figure 4 shows the whole tuning range obtained using four different mirror sets and the same Cr2+ : ZnSe sample. Continuous and smooth tuning of the laser was demonstrated between 1880 and 3100 nm. Due to the low absorption of the crystal, output powers were limited to less than 20 mW between 2700 and 3100 nm. Power performance in this



Fig. 3. Tuning curve of the intracavity-pumped Cr2+ : ZnSe laser between 1880 and 2130 nm. Solid curve, estimated round-trip small-signal cavity loss caused by reabsorption in the gain medium.
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switched laser produced as high as 145 mW of average output power at a repetition rate of 1 kHz and at the wavelength of 2365 nm. The demonstrated fractional tuning bandwidth is comparable with that of Ti+3 : Al2O3 lasers. The authors thank Mehmet Somer, Adnan Kurt, and Ahmet K. Erdamar for their help during the experiments. This project was supported by the Scientific and Technical Research Council of Turkey (TUBITAK) through TBAG-2030 project and by the Network of Excellence in Micro-Optics (NEMO) funded by the European Union 6th Framework program. U. Demirbas also acknowledges the support of TUBITAK in the framework of the scientist training program (BAYG). A. Sennaroglu is the corresponding author and can be reached by e-mail at [email protected]. Fig. 4. Full tuning range of the gain-switched Cr2+ : ZnSe laser between 1880 and 3100 nm, taken with four different HR sets. Available Nd:YAG pump power was about 1.8 W for all cases. To increase the laser efficiency, the intracavity pumping configuration was used, except with the 2.25 m HR set.



region could be improved by using samples with higher chromium concentration. In particular, a Cr2+ : ZnSe sample with a pump absorption of 60% at 1570 nm (Cr2+ concentration= 11⫻ 1018 ions/ cm3) gave as high as 20 mW at 3000 nm with a 25% output coupler. A lower output coupler (5%) was necessary to operate the low-doped sample used in this study, and only 4 mW of output could be obtained at this wavelength. As mentioned above, the doublepumping configuration was not applied to the 2.25 m HR set, resulting in lower output powers (solid circles in Fig. 4). In conclusion, 1220 nm wide smooth and continuous tuning of the Cr2+ : ZnSe laser from 1880 to 3100 nm was demonstrated. A threefold increase in laser efficiency was obtained using an intracavity-pumping configuration. The gain-
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