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Low-cost cavity-dumped femtosecond Cr:LiSAF laser producing >100 nJ pulses Umit Demirbas,1 Kyung-Han Hong,1 James G. Fujimoto,1,2 Alphan Sennaroglu,1 and Franz X. Kärtner1,3 1



Department of Electrical Engineering and Computer Science and Research Laboratory of Electronics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA 2 [email protected] 3 [email protected]



Received December 14, 2009; accepted December 22, 2009; posted January 11, 2010 (Doc. ID 121385); published February 12, 2010 We report a low-cost cavity-dumped Cr:colquiriite laser for generating enhanced pulse energies. Four singlemode laser diodes were used to pump a Cr:LiSAF laser, which was mode locked with a semiconductor saturable absorber mirror. Cavity dumping at 10 kHz repetition rate, the laser generated ⬃120 fs pulses at ⬃825 nm, with 112 nJ pulse energies and ⬃0.93 MW of peak power, using only ⬃600 mW of incident pump power. At higher dumping rates of up to 1 MHz, reduced pulse energies of 62 nJ could be generated. Two-photon absorption in the saturable absorber mirror limits pulse durations, while Q-switching instabilities limit pulse energy extraction. © 2010 Optical Society of America OCIS codes: 140.3460, 140.4050, 140.3580, 140.3480, 320.7090.



Cr3+-doped colquiriites (Cr3+ : LiSAF, Cr3+ : LiSGaF, and Cr3+ : LiCAF) are attractive materials for femtosecond pulse generation because they can be directly pumped by inexpensive single-mode diodes [1–4]. Direct-diode pumping of Cr3+ : colquiriite lasers allows high electrical-to-optical efficiencies, compactness, and ease of use [3,4]. Pumping with four singlemode diodes, ⬃50– 100 fs pulses with ⬃1 – 2.5 nJ pulse energies and ⬃20 kW peak powers have been generated from standard ⬃100 MHz cavities [3,5]. The pulse energies and peak powers are limited by the available pump power (⬃600 mW is available from four diodes). Slightly higher peak powers can be obtained with multimode diode pumping 共⬃40 kW兲 [5–7], at the expense of reduced efficiency and increased complexity. Cavity dumping has been applied to increase pulse energies from Ti:sapphire [8–11], ytterbium-doped [12,13], and neodymium-doped lasers [13]. Pulse energies of 450 nJ with 60 fs duration have been generated from a cavity-dumped Ti:sapphire laser [10]. A recent study achieved pulse energies above 1100 nJ with chirped pulse durations of ⬃5 ps, but pulse recompression was not demonstrated, although bandwidths were sufficient for sub100-fs pulses [11]. In this Letter, we report what we believe to be the first cavity dumping experiments with a Cr3+ : colquiriite laser, aimed at scaling the pulse energies and peak powers. Among the Cr3+ : colquiriites, Cr3+ : LiSAF was used since it has a higher emission cross section, a larger gain, and a reduced susceptibility against Q-switching instabilities [4,5]. The crystal was pumped by four ⬃150 mW single-mode laser diodes at 660 nm. Mode locking was initiated and sustained with a semiconductor saturable absorber mirror (SESAM) [14], also known as a saturable Bragg reflector (SBR) [15]. Cavity dumping at repetition rates of up to 50 kHz generated nearly transform limited ⬃120 fs pulses, with pulse energies of ⬎100 nJ. Pulse energies of 87, 77, 68, and 62 nJ were obtained at repetition rates of 100 kHz, 200 kHz, 500 kHz, and 1 MHz, respec0146-9592/10/040607-3/$15.00



tively. This study demonstrates that low-cost Cr3+ : colquiriite lasers can reach ⬃megawatt level peak powers. Figure 1 shows a schematic of the cavity-dumped Cr3+ : LiSAF laser. The crystal was pumped by four linearly polarized ⬃660 nm AlGaInP single-mode diodes (D1–D4) with circular output (VPSL-0660-130X-5-G, Blue Sky Research, $150). Operating at 220 mA current (above the rated driving current of 170– 210 mA), a maximum pump power of ⬃150– 160 mW per diode was obtained. The diode outputs were collimated by aspheric lenses 共f = 4.5 mm兲 and combined using polarizing beam splitting cubes. Two f = 75 mm lenses focused the pump beams in the Cr:LiSAF crystal to a beam waist of w0 ⬵ 25 m. Water cooling was not required for the diodes and crystal. The Cr3+ : LiSAF crystal (VLOC, Inc.) was Brewster cut, 5 mm long, 1.5 mm tall, and 1.5% doped, which absorbed ⬃81% of the incident pump. The laser used an astigmatically compensated X-fold cavity formed by two 75 mm radius-of-curvature mirrors. The ⬃3-mm-thick fused silica acousto-optic cavity dumper was placed at Brewster’s angle into a second Z-fold focus 共w0 ⬵ 30 m兲 with 100 mm radius of curvature mirrors. The cavity dumper was driven by a high-speed rf driver (64380-SYN-9.5-2, NEOS Technologies, Inc.), with ⬃10-ns-wide rf pulses at ⬎10 W of peak power. The rf driver was synchronized to the intracavity circulating pulse using a portion of the output (detected with a fast photodetector) to trigger



Fig. 1. (Color online) Schematic of the cavity-dumped single-mode diode-pumped Cr3+ : LiSAF laser system. © 2010 Optical Society of America
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Fig. 2. (Color online) Variation of the intracavity laser power with absorbed pump power. Corresponding pulse energies for cw mode-locked (ML) operation are also shown.



the rf driver. The cavity dumper had a single-pass diffraction efficiency of ⬃30% and was used in double-pass configuration to obtain 50%–60% dumping efficiencies. The double-pass configuration retroreflects the forward diffracted beam (incident on DCM5) to interferometrically recombine with the beam in the cavity and generates an output in one direction (incident on DCM3). The efficiency is optimized by controlling the position of acousto-optic cell, and the rf pulse phase and delay. A metallic high reflector was used to pick off the dumped beam after its second pass through the dumper. The dispersion compensation was mainly performed by a Gires–Tournois interferometer (GTI) mirror, with ⬃−550± 50 fs2 group velocity dispersion (GVD) per bounce. Double-chirped mirrors (DCMs) with a ⬃−80± 5 fs2 GVD were also used for dispersion tuning to optimize pulse widths. The estimated total round-trip cavity dispersion was ⬃−2250 fs2. The 3-mm-thick cavity dumper had a double-pass dispersion of ⬃200 fs2. However, the self-phase modulation in the cavity dumper acousto-optic cell was comparable to the self-phase modulation in the laser crystal, and this required operating the laser at a larger negative dispersion. A SESAM with a reflectivity bandwidth centered at 800 nm initiated and sustained mode locking. The SESAM/SBR had a modulation depth of ⬃1% and a saturation energy fluence of ⬃35 J / cm2, and parasitic two-photon ab-



sorption (TPA) occurred for fluences above ⬃3 mJ/ cm2. A 250 mm radius curved mirror (DCM2) was used to focus onto the SESAM/SBR. Mode locking was self-starting, and the laser was immune to environmental fluctuations. An output coupler was not used in the cavity in order to increase the intracavity pulse energies. The laser dynamics were monitored using leakage from the GTI mirror, which had a ⬃0.03% transmission 共⬃5 mW兲. Figure 2 shows the measured intracavity average power versus the absorbed pump power. The laser threshold was ⬃150 mW and operated cw for pump powers of up to ⬃200 mW. For pump powers between ⬃220 and ⬃250 mW, the laser operated in the Q-switched mode-locked regime. For pump powers above ⬃250 mW, stable and self-starting cw mode locking was obtained. Figure 2 also shows the corresponding pulse energies for the cw mode-locked operation. At an absorbed pump power of ⬃520 mW, the laser produced 118 fs pulses with an average intracavity power of ⬃16 W at 80 MHz repetition rate (⬃200 nJ intracavity pulse energy). The spectrum was centered at ⬃823 nm, with a 6.5 nm (FWHM) bandwidth, corresponding to a ⬃0.345 timebandwidth product. The lasing wavelength was determined by the SESAM/SBR and GTI mirror. We believe that it should be possible to generate wavelengths from ⬃810 to ⬃1000 nm using different saturable absorber and GTI mirrors. The intracavity power levels and intracavity pulse energies were limited by the available pump power and the passive losses of the SESAM/SBR 共⬃0.5%兲, Cr:LiSAF crystal 共⬃0.2%兲, GTI mirror 共⬃0.03%兲, and DCM mirrors 共⬃0.005%兲. Table 1 summarizes the cavity dumping performance of the Cr:LiSAF laser. For repetition rates of up to 50 kHz, dumping efficiencies of ⬃50% and pulse energies of ⬃100 nJ could be obtained repeatedly and the dumping had very little effect on laser dynamics. The contrast ratio between the dumped output pulses and the neighboring pulses was ⬎20: 1. The highest pulse energy was 112 nJ, obtained at a repetition rate of 10 kHz. For this case, the pulse duration was ⬃120 fs, corresponding to a peak power of 930 kW. Figure 3 shows examples of the measured intracavity pulse train dynamics for dumping rates of 10 and 50 kHz. In both cases, the dumping event generates fluctuations in intracavity pulse energy; however, the laser remains stable in the cw mode-locked



Table 1. Summary of the Cavity Dumping Results with the Single-Mode Diode-Pumped Cr:LiSAF Laser Dumping Frequency (kHz)



Pulse Energy (nJ)



Pulse Width (fs)



Average Power (mW)



Peak Power (kW)



Dumping Efficiency (%)



10 20 50 100 200 500 1000



112 105 98 87 77 68 62



120 120 121 122 124 130 143



1.12 2.09 4.9 8.73 15.3 34 62



930 870 810 720 620 520 430



56 52 49 44 38 34 31
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Fig. 3. (Color online) Measured dynamics of intracavity pulse train at dumping rates of 10 and 50 kHz.



regime. Dumping at 10 kHz shows that the interplay between the population inversion and intracavity pulse energy first produces an overshoot of intracavity pulse energy which then relaxes back to steady state within ⬃30 s. At 50 kHz dumping rate (and above), the next dumping event occurs before the transient has relaxed. This transient is related to the relaxation oscillation resonance and Q-switching instabilities and limits the pulse energy that can be extracted. For dumping repetition rates above 50 kHz, extracting ⬃50% of the intracavity pulse energy caused shot-to-shot instability in pulse energy and duration of the dumped pulse train owing to Q-switching instabilities. Hence, for dumping rates above 50 kHz, the dumping ratio is decreased in order to obtain a stable dumped pulse train (pulse energy fluctuation of about ±2% – 3%). For example, at 100 kHz dumping rate, pulse energies of 110 nJ could be obtained at a dumping efficiency of 55%; however, the dumped pulse train had pulse-to-pulse instability. Obtaining a stable pulse train required reducing the dumping efficiency to 44%, resulting in 87 nJ pulses. Moreover, for dumping rates above 200 kHz, the pulse duration and spectrum also start to change considerably, because the dumping event is frequent enough to significantly change the intracavity laser dynamics. For example, at 1 MHz, only 62 nJ pulses with an increased pulse duration of 144 fs and an average output power of 62 mW could be generated. Figure 4 shows the measured spectra and autocorrelation at several different dumping frequencies, where the trace labeled with “dumper off” shows the laser output without cavity dumping. The pulse durations 共⬃120 fs兲 which could be generated were limited by the working range of the SESAM/SBR where the intensity is sufficient to produce absorption saturation but not high enough to produce parasitic TPA. When we tried to shorten the pulses below ⬃120 fs, pulse breakup and multiple pulse instabilities occurred due to the high incident



Fig. 4. (Color online) Measured (a) optical spectra and (b) second-harmonic autocorrelation traces from the cavitydumped Cr3+ : LiSAF at several dumping rates.
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