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Exploring suitable saturable absorber materials for the 2.79 μm waveband is always a focus in passive Q-switching laser technology. Pure water exhibits excellent fluidity, high chemical stability, and outstanding thermal properties; notably, its recovery capability suggests it could serve as an effective saturable absorber. This study validates the feasibility of saturable absorption with absorption darkening at 2.79 μm, analyzing the saturation absorption mechanism of water and the origin of absorption darkening. By designing a device to control the thickness of micron-scale water layers, controllable outputs of Q-switched single pulses and multipulses with microsecond intervals were achieved in a 2.79 μm Er, Cr: YSGG laser. With a water layer thickness of 7 μm and a repetition rate of 20 Hz, the maximum energy of the multi-pulse output reached 0.78 mJ, and the shortest single-pulse width was 286 ns. This provides a reference for the application of pure water as a saturable absorber and for the study of other hydroxyl-based saturable absorber materials.
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1 INTRODUCTION
The 2.79 μm wavelength is in the vicinity of the strong absorption peaks of water and hydroxyapatite [1, 2], and is widely used in biomedical [3]. The extremely high absorption at this wavelength can increase the ablation rate and reduce the thermal damage to surrounding tissues, thereby achieving better clinical ablation outcomes. In addition to laser wavelength, pulse width and energy are also important parameters that affect ablation efficiency. In terms of thermal effects, when the laser pulse width is shorter than the thermal relaxation time of the tissue, the thermal damage to surrounding tissues is minimized. Conversely, if the pulse width is longer than the thermal relaxation time, heat of the sequential pulses will accumulate and conduct to surrounding tissues, causing significant temperature increases and irreversible damage to healthy tissues. In terms of ablation efficiency, at lower pulse energy levels, an increase in the energy per pulse enhances the ablation rate; however, at higher energy levels, excessively high pulse energy can induce melting, carbonization, and the ejection of plasma smoke from the ablated tissue, thereby impeding laser absorption and resulting in pronounced saturation effects. Dividing a high-energy pulse into multiple sub-pulses with microsecond intervals can not only prevent thermal damage but also enhance the ablation rate [4]. Moreover, the narrower the pulse width of each sub-pulse, the higher the ablation efficiency. Studies have shown that [5], under the same inter-pulse interval, sub-pulses with a 20 μs pulse width achieve a 48% higher ablation rate compared to those with a 50 μs pulse width. In addition, the cumulative energy of multiple microsecond-spaced sub-pulses can more effectively disrupt tissue structure, thereby improving both ablation depth and uniformity. Additionally, compared with pulse trains generated by conventional electronic modulation [5], the sub-pulse trains produced by pure-water Q-switching significantly reduce the interval between pulses. This enables subsequent sub-pulses to continue ablation before the thermal effects induced by the preceding pulses have fully dissipated. Such sub-pulse trains, operating at microsecond intervals, not only avoid saturation effects caused by excessively high-energy single pulses, but also improve ablation efficiency by minimizing the delay between successive pulses [4, 6]. In femtosecond laser-induced self-organized micro-nanofabrication, sub-pulse bursts also exhibit unique advantages. Studies have demonstrated that using pulse bursts to fabricate periodic nanogratings not only leads to more well-ordered nanostructures but also enables active modulation of the period and depth of laser-induced periodic surface structures by adjusting the number of sub-pulses [7].
Taking dental hard tissues as an example, the pulse widths of the normal mode currently used in clinical applications are on the order of tens to even hundreds of microseconds, which is far longer than the 24.4 μs thermal relaxation time of dental tissue. Consequently, spray cooling is required during clinical treatment to avoid thermal damage to the surrounding tissue [8]. However, the cooling water mist also causes fluctuations and attenuation of the laser energy, thus affecting the ablation efficiency. Therefore, in practical applications, a shorter pulse width and a high repetition rate are preferred to reduce thermal effects during ablation and improve its efficiency. Developing efficient Q-switching techniques in this waveband to shorten the pulse width and generate multiple sub-pulses, with the aim of minimizing thermal damage to the ablated tissue and enhancing ablation efficiency, has consequently become a promising research direction.
Due to the limitations imposed by the absorption characteristics and damage thresholds of optoelectronic materials in the 3 μm waveband, the search for high-performance materials and devices in this wavelength range has consistently been a formidable challenge in mid-infrared laser technology [9–12]. Among laser Q-switching techniques, passive Q-switching has garnered widespread attention due to its simple structure, the absence of external modulators, ease of miniaturization, and robustness against electromagnetic interference. In recent years, various types of saturable absorber materials suitable for passive Q-switching in the 2.79 μm spectral region have been identified, such as MoS2 [13], topological insulator Bi2Te3 nanosheets [14], Fe: ZnSe [15], graphene [16], and black phosphorus [17]. Although solid-state saturable absorbers can achieve Q-switched output in the mid-infrared wavelength range, these solid-state materials generally have low damage thresholds, making it challenging to obtain high-pulse-energy Q-switched output. Additionally, solid-state saturable absorber materials cannot dynamically adjust their thickness during operation to modify intracavity losses and Q-switched pulse characteristics. In contrast, liquid-phase saturable absorbers offer adjustable thickness, typically possess higher thermal conductivity and damage thresholds, and thus, the investigation of liquid-phase saturable absorbers suitable for the mid-infrared wavelength range has become a focus of research.
Water, a common liquid material in nature, is not only readily purified and obtained but also exhibits excellent thermal diffusivity and remarkable molecular and physicochemical properties. The strength of the H+ and OH− bonds in water plays a significant role in its structure. The stretching and bending vibrations of hydrogen bonds can lead to substantial changes in vibrational density frequencies, which in turn alter the spectroscopic characteristics of water [18, 19]. Under the influence of intense laser fields in the 3 μm waveband and varying temperatures, water exhibits significant saturable absorption characteristics, making it suitable for passive Q-switching applications in this wavelength region [20]. K. L. Vodop’yanov et al. investigated the saturable absorption properties of pure water using a 2.94 μm Er: YAG laser and achieved stable passively Q-switched single-pulse laser output with a pulse width of 120 ns and a single-pulse energy of 20 mJ when the thickness of the pure water solution was approximately 0.5–1 μm [20]. Subsequently, K. L. Vodop’yanov et al. [21] observed that the transmittance of water at 2.94 μm monotonically increases with the accumulation of laser energy deposition, as well as a temperature-dependent variation in water’s optical absorption coefficient [22], thereby initiating theoretical studies on water-based saturable absorbers. Graener et al. [23] experimentally determined that bleaching of water induced by the saturation of absorption transitions is short-lived (on the order of 8 ps), whereas bleaching induced by thermal effects is long-lived (on the order of several hundred nanoseconds). Based on this thermal effect theory, Shori et al. [24] developed a dynamic saturable absorption (DSA) model to accurately predict the absorption coefficient μa,inst of water at 2.94 μm, which as a function of E/Vabsorbed was modeled to be of the form μa,inst=μa,o1+EVabsorbedEVsat where μa,o is room-temperature low-intensity absorption coefficient, E/Vabsorbed is cumulative energy absorbed per volume, E/Vsat is saturation energy per volume. Both experimental data and theoretical predictions in Ref. [18] indicate that the water can be used as a saturable absorber at 3 μm region. The study further indicates that the absorption peak of water in the 3 μm waveband shifts toward shorter wavelengths (“blue shift”) as the temperature increases a phenomenon attributed to the enhanced molecular kinetic energy at higher temperatures, which results in the weakening of hydrogen bonds.
Hydrogen bonds in water molecules play a pivotal role in the process of saturated absorption. When the hydrogen bonds in water undergo rapid vibrations, heat rapidly accumulates within the system, leading to an increase in temperature. The elevated temperature intensifies the thermal motion of water molecules, making it more frequent and vigorous. This enhanced motion destabilizes the hydrogen bonds, causing them to break more easily. Consequently, the average lifetime of hydrogen bonds shortens, and the overall hydrogen bond strength decreases.
Moreover, nuclear quantum effects (NQEs) are critical in modulating both the stretching and bending vibrational modes of hydrogen bonds [18]. With increasing temperature, the quantum kinetic energy of hydrogen atoms increases, leading to greater delocalization along the hydrogen bond direction. This enhanced delocalization facilitates dynamic reorganization of the hydrogen bond network, enabling global redistribution of energy and further weakening hydrogen bond interactions. In the mid-infrared region, the ∼1 μm absorption band corresponds to the fundamental bending mode, whereas the ∼3 μm band corresponds to the fundamental stretching mode of hydrogen bonds. A temperature increase of 10°C results in an ∼8% broadening of the full width at half maximum (FWHM) of the 2.94 μm absorption band and an approximate 3% reduction in its peak absorption. Pressure also contributes to modulating the absorption characteristics.
In summary, elevated temperatures reduce hydrogen bond strength, thereby altering the water absorption spectrum and causing a blue shift of the mid-infrared absorption peaks. The absorption peak initially located at 2.94 μm shifts toward shorter wavelengths, with a stronger absorption peak emerging near 2.79 μm. In this region, the absorption coefficient forms a characteristic concave plateau, commonly referred to as a “dark region” [21]. As the input laser energy increases further, the temperature rise causes the absorption peak to shift beyond 2.79 μm, and water’s absorption coefficient at this wavelength drops significantly. A stable absorption plateau emerges, and bleaching eventually occurs.
This non-monotonic behavior where the absorption coefficient initially increases, then decreases, and finally stabilizes with increasing laser energy is in stark contrast to conventional saturated absorption phenomena, where the absorption coefficient typically decreases monotonically. This makes laser heating and the 2.79 μm band particularly suitable for mid-infrared Q-switching applications around 3 μm.
Unlike the behavior at the 2.94 μm band, the presence of the absorption dark region enhances water’s absorption efficiency in the 2.79 μm spectral range, some studies suggest that this increase may even surpass the absorption at 2.94 μm [25, 26]. It has been demonstrated that the pure water based saturable absorber can be used to realize passively Q-switching in an Er doped fiber laser [27]. However, to the best of our knowledge, there is no report on the feasibility of pure water as saturable absorber with absorption darkening at 2.79 μm. Therefore, we try to employ pure water as saturable absorption to investigate the Q-switching characteristics at 2.79 μm.
To address the demand for short-pulse laser applications in biomedical fields at 2.79 μm wavelength and to investigate whether the absorption darkening effect of water in this band can achieve saturable absorption, a mechanically tunable structure with a micron-scale water layer thickness was designed in this work. Experimental validation confirms the feasibility of using pure water as a saturable absorber for an Er, Cr: YSGG solid-state laser. Furthermore, the study analyzes the formation mechanism of the absorption darkening effect at 2.79 μm and the underlying saturable absorption process. The findings aim to provide a reference for the application of water as a saturable absorber and for the development of other hydroxyl-based saturable absorber materials.
2 EXPERIMENTAL SETUP
The experimental setup is shown in Figure 1. The Er, Cr: YSGG rod has a diameter of 3 mm and a length of 70 mm, with a Cr3+ concentration of 3 at.% and an Er3+ concentration of 30 at.%. Both ends of the crystal rod are anti-reflection (AR) coated at 2.79 μm. The resonator adopts a plane-parallel cavity, with a geometric cavity length of 248 mm. The high-reflective (HR) mirror has a reflectance of higher than 99% at 2.79 μm, and the output coupler (OC) has a reflectance of 70% at 2.79 μm. The saturable absorber solution is sandwiched between an uncoated CaF2 mirror and the HR mirror. The thickness of the solution is denoted as d, and the CaF2 mirror is mounted on a three-dimensional translation stage, allowing horizontal displacement to precisely control the solution thickness. To prevent slight deformations of the CaF2 mirror and the HR mirror caused by pressure changes in the irradiated liquid during Q-switching which could compromise the alignment conditions of the laser oscillation cavity we incorporated spacers into the mirror mounts for stabilization. Since the thickness of the solution is on the micron scale, a microscope, a micrometer screw gauge, and the three-dimensional translation stage are used to obtain accurate thickness measurements. The saturable absorber solution used in the experiment is ultrapure water with a purity of 99.999%. To verify the strong absorption characteristics of pure water at 2.79 μm, a PE Lambda-950 UV/VIS/NIR spectrophotometer was employed to measure the absorption spectrum of pure water in this wavelength range, showing excellent consistency with previously reported results [28]. The laser is pumped by a xenon lamp, with a discharge pulse width of 250 μs and a pulse repetition rate of 20 Hz. To ensure the safe and stable operation of the laser, deionized water is used for cooling, maintained at a temperature of (293.0 ± 0.1) K and a flow rate of 20 L/min. During the experiment, the laser was firstly operated in normal mode. Then, pure water was injected into the structure using a syringe. The thickness d was gradually reduced until Q-switched pulses was observed.
[image: Diagram of a laser system showing an Er, Cr:YSGG crystal inside a chamber, illuminated by an Xe lamp. Components labeled include a water inlet, power cord, and CaF2 and HR elements. An OC is positioned opposite to the HR, allowing the laser beam to exit.]FIGURE 1 | Experimental setup of Er, Cr: YSGG solid-state laser at 2.79 μm.3 EXPERIMENTAL RESULTS AND DISCUSSION
In the experiment, the repetition rate was set to 20 Hz, with a fixed pump energy of 13.63 J. By adjusting the thickness of the pure water layer, a stable Q-switched single-pulse output was obtained when the water thickness was approximately 7 μm. Under these conditions, the generated Q-switched pulse width was 665 ns, with a single-pulse energy of 0.12 mJ. When the pump energy was increased to 14.86 J, a Q-switched pulse sequence with nearly uniform pulse spacing was obtained, a Q-switched output with a main pulse width of 286 ns and a total pulse energy of 0.78 mJ was achieved. The corresponding normalized main pulse waveform is shown in Figure 2. Figure 3 illustrates the curves of the total output energy of the multi-pulse Q-switched pulses and the pulse width of the first pulse. As the pump energy increases, the pulse width continuously decreases, which is a typical characteristic of Q-switched lasers. Due to the power limitations of the power supply, further increases in pump energy were not available. At this power level, the damage threshold of the pure water solution was not reached, and the output energy did not exhibit saturation (as illustrated in Figure 3), indicating the potential for further energy enhancement.
[image: Graph showing a peak intensity versus time. The peak reaches an intensity of 1.0 at approximately 0 nanoseconds. The full width at half maximum (FWHM) of the peak is 286 nanoseconds, as indicated by a double-headed red arrow.]FIGURE 2 | Temporal profile of giant pulse at the maximum output energy.[image: Line graph comparing output energy and pulse duration against pump energy. Output energy increases from 0.15 to 0.75 millijoules as pump energy rises from 13.5 to 15.0 joules. Pulse duration decreases from 700 to 300 nanoseconds over the same range.]FIGURE 3 | Variation of Q-switched output energy and pulse duration versus pump energy.Compared to solid-phase saturable absorbers, the thickness of liquid-phase saturable absorbers can be dynamically adjusted, making it easier to achieve Q-switched output with specific pulse widths. Additionally, pure water, as a liquid-phase saturable absorber, generally has a higher damage threshold than solid-phase absorbers. Its good thermal conductivity, the presence of only OH bonds between molecules, and its high fluidity contribute to the ability to achieve higher energy in Q-switched laser output.
In the experiment, we also observed the occurrence of multiple sub-pulses under a single pump pulse at high pump energies. The number of sub-pulses increased as the pump energy increased. Figure 4a,b,c show the normalized sub-pulse waveforms under pump energies of 14.2 J, 14.36 J, and 14.86 J, respectively. The measured intervals between the sub-pulses range from 3.392 to 5.592 μs, and this fluctuation is attributed to gain non-uniformity caused by the flashlamp pump in the temporal domain.
[image: Three graphs labeled (a), (b), and (c) display intensity over time in nanoseconds. Each graph features multiple peaks, with the highest peak near the start, followed by others at regular intervals. Intensity values range from 0 to 1.0.]FIGURE 4 | Q-switched temporal profiles with pump energies of 14.2 J (a), 14.36 J (b), and 14.86 J (c), respectively.The primary cause of sub-pulse generation lies in the significant disparity between the pump pulse duration and the relaxation time of saturated absorption in pure water. Specifically, the pump pulse duration (∼250 μs) greatly exceeds the relaxation time of the saturable absorber, which is on the order of hundreds of nanoseconds. After the generation of the Q-switched main pulse, the saturable absorber undergoes recovery. However, since the pump remains active, the absorber can become bleached again, leading to the generation of a secondary pulse.
If the pump pulse is sufficiently long and has high energy, the main pulse may not be capable of depleting all excited ions from the upper laser level. A substantial number of remaining excited ions can give rise to multiple subsequent pulses. The temporal spacing between sub-pulses is primarily governed by the relaxation time of the saturable absorption process, while the influence of pump intensity is secondary but non-negligible.
In our experiments, we observed that the intensity of sub-pulses is approximately 40% that of the main pulse. We hypothesize that this reduction in intensity is attributable to the presence of an absorption “dark region”. The absorption peak of water shifts with changes in temperature. At room temperature, the absorption coefficient of pure water at 2.79 μm is 4,863 cm-1. As the temperature increases, the absorption coefficient initially rises to a peak value of 13,300 cm-1, then decreases to 3,340 cm-1 (assuming it is consistent with the saturated absorption coefficient at 2.94 μm). During the recovery phase after saturation, the absorption coefficient firstly increases from 3,340 to 13,300 cm-1. If the pump continues, and the temperature drops to the absorption peak value, the absorption coefficient increases again. Compared to the first pulse, this reduces the absorption process in the dark zone, thus shortening the accumulation time of ions in the excited state. Consequently, the peak of subsequent pulses will be lower than that of the first pulse. As the system reaches dynamic equilibrium between the gain and temperature recovery after saturation, the absorption coefficient of subsequent pulses decreases from the equilibrium point to the saturation level, leading to nearly identical peak values for the subsequent pulses.
It is evident that the saturable absorption characteristics arising from the darkening produce a nanosecond giant pulse followed by a sub-pulse sequence with an intensity approximately 40% of the main pulse. The resulting nanosecond pulse train with microsecond time intervals offers unique advantages in applications such as laser ablation, laser cutting, and laser-induced breakdown spectroscopy (LIBS). In biological tissue ablation, the nanosecond pulse width can enhance ablation efficiency, reduce thermal damage, and create ablation pits with better tissue morphology, which is beneficial for subsequent repair treatments [29]. Moreover, this nanosecond-interval sub-pulse train can greatly improve material removal rates in laser processing by controlling the pulse interval, reducing re-deposition, and minimizing the heat-affected zone [30]. In applications like LIBS [31], this pulse structure can further increase the energy utilization for cutting, reduce thermal damage to surrounding areas, and improve the signal-to-noise ratio in spectral detection.
4 CONCLUSION
Pure water is not only easy to prepare, but also exhibits excellent fluidity, high chemical stability, and outstanding thermal and optical properties. Its remarkable saturable absorption characteristics have garnered considerable attention. This study experimentally verifies the feasibility of pure water as a saturable absorber in Q-switching laser at the 2.79 μm and analyzes the formation mechanism of the absorption darkening and the saturable absorption mechanism of water in this waveband. The experimental results show that pure water can achieve stable saturable absorption in the absorption darkening zone, and controlled single pulses and microsecond interval multipulses in Q-switched Er, Cr: YSGG laser are realized by precisely adjusting the thickness of water layer. The high damage threshold, good thermal conductivity of water, and pulse output controllability demonstrate that it is an excellent liquid-phase saturable absorber with broad application prospects in the laser field. This study clarifies the issue of water’s absorption darkening in this wavelength region and provides a reference for the future application of 2.79 μm water saturable absorption Q-switched solid-state lasers and research on saturable absorber materials based on hydroxyl groups. Compared to the pulse trains with microsecond intervals obtained through traditional electrical modulation, the pulse trains generated by this method have shorter time intervals, even down to the nanosecond level. The pulse width of each sub-pulse is also in the nanosecond range, offering unique advantages in improving ablation efficiency, quality, and signal-to-noise ratio in applications such as laser ablation, laser processing, and LIBS.
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