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Abstract

:

Polycrystalline zinc selenide (ZnSe) and Cr2+ or Fe2+ doped ZnSe are key optical elements in mid-infrared laser systems. The laser-induced damage of the optical elements is the limiting factor for increasing the power and pulse energy of the lasers. In the present work, the optical damage of the ZnSe, Cr2+:ZnSe, and Fe2+:ZnSe samples induced by a repetitively pulsed Ho3+:YAG laser at 2091 nm was studied. The probability of the optical damage and the laser-induced damage threshold (LIDT) were determined for the samples manufactured using different processing techniques. The highest LIDT was found in ZnSe samples annealed in an argon atmosphere. It was also found that the samples annealed in a zinc atmosphere or with hot isostatic pressing resulted in a decrease in the LIDT. The Cr2+-doped ZnSe had the lowest LIDT at 2.1 µm compared to Fe2+-doped or undoped ZnSe. The LIDT fluence of all tested ZnSe samples decreased with the increase in the pulse repetition rate and the exposure duration. The results obtained may be used to improve the treatment procedures of ZnSe, Cr2+:ZnSe, and Fe2+:ZnSe polycrystals to further increase their LIDT.
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1. Introduction


Optical elements manufactured from zinc selenide (ZnSe) and Cr2+- or Fe2+-doped ZnSe are widely used in mid-infrared (mid-IR) laser systems [1,2]. ZnSe is an A2B6 direct-gap semiconductor; it has a high electrical resistivity of 1012 Ω·cm due to the large band gap of 2.7 eV at 25 °C [3]. The combination of favorable optical, physical, and chemical properties, such as high thermal conductivity, sufficient mechanical strength, chemical stability, and a wide transmittance band from the visible to the far infrared wavelength range (0.5–22 μm), have led to broad use of this material in optoelectronic devices [4]. ZnSe is used for transmission optics for CO2 lasers, acousto-optical modulators, protective windows on night vision devices, and optical elements of other equipment operating in the infrared range, in the form of windows, lenses, mirrors, prisms, beam splitters, etc. [4]. Zinc selenide is also a suitable matrix for doping with transition metal ions, in particular chromium (Cr2+) or iron (Fe2+) [2]. Such materials are active media for tunable lasers in the mid-IR wavelength range (2–5 µm) [2]. Lasers based on Cr2+:ZnSe or Fe2+:ZnSe are simple in design, compact, have a wide continuous tuning range (more than 1 μm), and can operate at room temperatures with high efficiency [5].



Many material properties depend on the method used to produce them, significantly affecting their impurity composition, inclusions, the structure of point and volume microdefects, and their concentration [4]. ZnSe production methods include the hot pressing of powder, physical vapor deposition (PVD), chemical vapor deposition (CVD), and melt growth [4]. Zinc selenide produced by the CVD method is the most widely used for optical applications [4]. It is based on the reaction of zinc vapor with hydrogen selenide at about 650–750 °C. ZnSe is deposited onto the substrate, and hydrogen is continuously pumped out of the reaction zone together with the carrier gas. The resulting material has a polycrystalline structure with a typical average grain size of about 30–50 µm. Such material has few defects and high chemical purity due to its low growth temperature (less than half the melting point of ZnSe), and a series of physical and chemical transformations leading to very effective purification from most impurities. This leads to the high optical quality of the material and, in particular, a high laser-induced damage threshold (LIDT). For example, at a wavelength of 10.6 μm when exposed to a pulsed CO2 laser, CVD-ZnSe shows the best results among other optical materials transparent in this area [6].



The laser-induced damage of the optical elements is the limiting factor for increasing the power and pulse energy of the laser systems [7,8]. The problem of the laser-induced damage of ZnSe or Cr2+:ZnSe elements has been previously discussed in several papers [9,10,11,12,13,14,15]. For infrared applications, the optical damage of the ZnSe materials at 10.6 µm has been widely studied [9,11,12,13]. In recent years, the development of solid-state lasers based on Cr2+:ZnSe or Fe2+:ZnSe crystals has stimulated interest in the optical damage of these materials under the action of CW and repetitively pulsed radiation at 2–5 μm [5,15,16]. The effects of antireflection coating or microstructures fabricated on surfaces of the ZnSe and Cr2+:ZnSe polycrystalline elements on the LIDT under laser irradiation at 2–5 µm have been examined [14,15,16]. Despite a number of previous works, the origin and mechanisms of the damage of the ZnSe, Cr2+:ZnSe, or Fe2+:ZnSe elements induced by the mid-IR laser radiation, especially in repetitively pulsed operational regimes, remain not fully understood.



This paper is focused on evaluating the optical damage of optical elements from CVD-ZnSe, Cr2+:ZnSe, or Fe2+:ZnSe polycrystals with different processing technologies induced by the repetitively pulsed Ho3+:YAG laser at 2091 nm. The effects of annealing temperature and atmosphere (containing metallic zinc, elemental selenium, or argon), the manufacture of the initial ZnSe crystals, or the experimental conditions (pulse repetition rate or exposure duration) on the LIDT were studied.




2. Materials: ZnSe, Cr2+:ZnSe and Fe2+:ZnSe


The ZnSe, Cr2+:ZnSe, and Fe2+:ZnSe elements were 15 × 10 × 3 mm3 parallelepipeds whose 10 × 15 mm2 planes were polished to III grades of finish according to GOST 11141-84 (approximately equivalent to 40/20 by MIL-O-13830A surface quality standard). The initial material for the samples was laser-quality CVD-ZnSe manufactured by INOPTICS (Nizhny Novgorod, Russia). The doping of samples with chromium (Cr2+) or iron (Fe2+) was carried out by diffusion at elevated temperature from the corresponding metal film deposited on the surface of the element. A detailed description of the procedure can be found in [17]. The samples were then sealed in vacuumed quartz ampoules containing metallic zinc (Zn), elemental selenium (Se), or argon (Ar). The amounts of the components were chosen so that at the temperature of the subsequent annealing, the pressure in the ampoule was approximately equal to 0.1 MPa. Annealing was carried out for 24 h at 1050 °C. Sample labeling includes the doping element and the atmosphere in which the annealing was performed (e.g., Cr:ZnSe_Se) or indicates that the material is original from the manufacturer and untreated (ZnSe_org). Two ZnSe samples were subjected to hot isostatic pressing (HIP). Custom-built HIP equipment UGL-2000 with a graphite heater was used. Samples were treated simultaneously in one process in graphite containers placed in different temperature zones: 900 °C and 1200 °C. The temperature was controlled by the C-type thermocouples; the argon pressure was 100 MPa and the holding time was 24 h. The ZnSe elements after the HIP were labeled as ZnSe_HIP_900 and ZnSe_HIP_1200, where the numbers correspond to the processing temperature: 900 °C or 1200 °C, respectively. The surface damage was also studied on the original polycrystalline CVD-ZnSe manufactured by PromLab LLC (Nizhny Novgorod, Russia) or II-VI Incorporation (Saxonburg, PA, USA).




3. Experimental Setup


The experimental schematic for the optical damage tests included the following elements: a Ho3+:YAG laser with a radiation wavelength of 2091 nm; a Faraday isolator (FI); a half-wave plate (λ/2); a polarizing mirror with high transmission in p-polarization and high reflection in s- polarization (M1); a Galilean two-lens telescope (T); the tested sample (Sample); and a power meter (Coherent PM 10 with FieldMaxII detector) (Figure 1). The choice of the Ho3+:YAG laser was due to its use as a pump source of the Cr2+:ZnSe amplifiers [5]. The Ho3+:YAG laser (made in IAP RAS [18]) was pumped by a Tm-doped fiber laser at 1908 nm and was actively Q-switched by a quartz acousto-optical modulator. The beam quality parameter of the Ho3+:YAG laser was M2 < 1.2. The Q-switched laser operated with a pulse repetition rate (PRR), f, varied from 12 to 50 kHz; the FWHM pulse width (τ), 18–50 ns, depended on the PRR. The exposure duration (τexp) was varied.



The linearly polarized beam at 2091 nm was focused on the surface of the tested samples using the Galilean two-lens telescope. The beam diameter on the surface (measured by the “knife-edge” method [19]) was estimated as 0.27 mm at the e−2 intensity. The Ho3+:YAG laser power was fixed, but the power used for the tests was varied by an attenuator consisting of the half-wave plate (λ/2) and the polarizing mirror (M1) at a 55-degree angle with respect to the incident beam. The tested plates were placed behind the focus of the telescope on a three-coordinate translation stage. To avoid an influence of a backward reflection on the Ho3+:YAG laser, the Faraday isolator was used, and additionally, the input surface of the tested sample was rotated at a 3-degree angle with respect to the incident beam direction.




4. LIDT Test Method


The optical damage of the samples was studied by an “R-on-1” procedure [18,20,21,22]. In the procedure, an area on the tested surface was irradiated during a fixed exposure duration and under the same fluence of the pumping beam at each pulse of 0.1 J/cm2; if optical damage was not registered, the fluence of the site irradiation was increased step-by-step (with the step of 0.2 J/cm2) until optical damage registration. The optical damage indicators were a decrease in the sample transmission and a visible luminescence from the irradiated area. Each tested site gives a value for the damage threshold. The time interval between the tests was 2 min. It was estimated to be sufficient for the relaxations of a laser-induced heat and free-carrier electronic effect in the irradiated area. Then, the sample was moved by the plane translation to the spacing of ~0.8 mm to a new site, and the irradiation of the new site was repeated until causing damage. The number of the independent irradiated sites was NR = 5; it determined the LIDT statistic accuracy.



The damage probability dependence was obtained by plotting the cumulative probability as a function of the incident fluence. The LDT value (W0d) was taken to be the fluence, corresponding to the linear approximation of the damage probability to zero. The average LIDT fluence, Wav, and the average quadratic error, <  Δ  W  av  2   >, were estimated from the test data by the following expressions:


   W  av   =    ∑   W i   n i   N   



(1)






   〈  Δ  W  av  2   〉  =    ∑     (   〈   W  av    〉  −  W i   )   2   n i    N  (  N − 1  )     



(2)




where nj is the site number with the damage threshold, Wj, and N is the total number of damaged sites (  N =   ∑  j   n j   ).



The Student’s t-distribution for the confidence probability (F(K,N)) of the damage threshold Wav to be in a mean confidence interval Wav ± K ×     < Δ  W  av  2  >     was used to estimate the variable K parameter [23,24]:


  F  (  K , N  )  =   Γ  (   N 2   )      π  (  N − 1  )    Γ  [     (  N − 1  )   2   ]        ∫   − K  K     (  1 +    z 2    N − 1    )    − N / 2   d z ,  



(3)




where Γ is the gamma function.




5. Results


5.1. Optical Damage of ZnSe


The optical damage was registered in all irradiated ZnSe samples. The optical damage was initiated on the output surface of the plates. The probability of the optical damage for the ZnSe samples was measured and determined for the varied annealing atmosphere and temperature, technological history, PRR, and exposure duration (Figure 2, Figure 3, Figure 4, Figure 5 and Figure 6); the statistical parameters of the optical damage were estimated (Table 1 and Table 2).



Figure 2 shows the probability of the optical damage and the LIDT of the ZnSe samples (manufactured by INOPTICS) annealed in different atmospheres (Zn, Se, and Ar) in the quartz ampoule. The highest zero-probability LIDT (W0d ≈ 4.45 J/cm2) had the ZnSe sample annealed in the Ar atmosphere (ZnSe_Ar). The highest average LIDT had the ZnSe_Ar sample (Wav ≈ 4.89 J/cm2) and the ZnSe_Se sample (Wav ≈ 4.9 J/cm2) (Table 1).



An effect of the HIP treatment temperature on the LIDT was examined. The ZnSe sample HIPed at the higher temperature of 1200 °C had almost twice the LIDT of the ZnSe sample, treated at the lower temperature of 900 °C (Figure 3). Note that the HIPed materials had the lower LIDT in comparison to an initial sample ZnSe_org (compare the LIDT fluencies in Figure 2 and Figure 3).



Figure 4 demonstrates the tested LIDT of the samples from the original polycrystalline CVD-ZnSe manufactured by the different companies. The higher LIDT had the materials manufactured by PromLab LLC (line 2) and II-VI Incorporation (line 3). The higher LIDT dispersion of the ZnSe manufactured by PromLab LLC in comparison with the II-VI-manufactured ZnSe can be explained by the different inhomogeneity of the materials. The studied PromLab material has a 50% larger average grain size of 61 µm compared to the II-VI one of 40 µm. Shown in the Supplementary Materials are the images of the original ZnSe samples from different manufacturers after polishing and etching. Various studies have shown that in CVD-ZnSe, both impurity ions and inclusions are predominantly located along grain boundaries [3,25]. The original CVD-ZnSe manufactured by INOPTICS had the lower LIDT; however, after annealing in argon it had almost the same high zero-probability LIDT as materials from other manufacturers (as shown in Figure 2).



The effects of the laser characteristics on the ZnSe LIDT were studied. An influence of the exposure duration on the LIDT was studied for the ZnSe_Ar sample (Figure 5). An increase in the exposure duration at the same PRR led to the zero-probability LIDT decrease.



An influence of the PRR on the LIDT at the same exposure duration was studied for the ZnSe_Ar sample. An increase in the PRR led to the LIDT decrease (Figure 6 and Table 2).



Note that the LIDT decrease with the PRR increase had different values for the different ZnSe materials (Table 2). The determined W0d LIDT of the ZnSe_org sample decreased by 17% (on 0.6 J/cm2) at the PRR increase from 12 kHz to 16 kHz. The W0d LIDT of the ZnSe_Se and ZnSe_Ar samples decreased for 18% (on 0.7 J/cm2) or 5% (on 0.25 J/cm2), respectively, with the same PRR increase.



The following effect was found in the ZnSe samples with a W0d LIDT of more than 3 J/cm2. At an average power, close to the power at which optical damage to the material was observed, a red glow appeared (Figure 7). The laser average power, at which the glow was observed, was 250–500 mW less than the LIDT power. When the laser was switched off, the glow faded; no damage was found on the surface and in the bulk of the material. Upon the repeated irradiation of the sample, the glow appeared again. The glow effect was observed in all tested samples, independent of the treatment procedures. Similar red luminescence in ZnSe induced by X-ray or visible light or even caused by thermal excitation was recently reported [26,27,28,29]. The luminescence may be explained by the radiative recombination of free electrons with holes localized on the oxygen-related defect centers of the chalcogenides [27,28,29].




5.2. Optical Damage of Cr2+:ZnSe and Fe2+:ZnSe


The optical damage of the ZnSe materials doped by Cr2+ or Fe2+ ions was studied. One surface of the Cr2+:ZnSe and Fe2+:ZnSe plates was antireflection-coated (at 2.1 µm) by a dielectric film formed by ZnS and YF3 layers. The optical damage was initiated on the output surface of the plates independent of the antireflection coating.



The probability of the optical damage of the Cr2+:ZnSe_Ar and Fe2+:ZnSe_Ar samples in comparison with the ZnSe_Ar sample was measured (Figure 8). The zero-probability and average LIDTs were determined (Table 3). The Cr2+-doped sample had the lowest LIDTs due to a strong absorption at 2.1 µm: the absorption cross-section of the Cr2+:ZnSe at 2091 nm is σabs ≈ 1.4 × 10−19 cm2 [2,5]. The strong LIDT decrease in the Cr2+:ZnSe_Se sample in comparison with the ZnSe_Se sample was also registered (compare Table 2 and Table 3). However, the LIDTs of the Cr2+:ZnSe_Zn, Cr2+:ZnSe_Ar and the ZnSe_Zn sample were comparable. The Fe2+-doped sample Fe2+:ZnSe_Ar had the lower LIDT in comparison with ZnSe_Ar, but the higher LIDT in comparison with Cr2+:ZnSe_Ar. This fact can be explained by the absorption of the Fe2+ ions at 2091 nm [30] and a higher probability of oxygen contamination of the samples during the longer annealing procedure of the Fe2+ doping.



The LIDT of the Fe2+:ZnSe_Ar decreased with the PRR increase at the constant exposure duration (Figure 9a), or with the exposure duration increase at the constant PRR (Figure 9b).





6. Discussion


The region of existence of ZnSe-Zn or ZnSe-Se solid solutions is known to be extremely small: on the order of 10−6 mol of excess Zn or Se [31]. For this reason, when the material is produced by chemical vapor deposition, deviations from the stoichiometry of the components supplied to the reactor form their inclusions in the material in elemental form. Since the presence of Zn inclusions has the greatest effect on radiation absorption, ZnSe growth tends to proceed in a small excess of selenium [32]. However, the unstable gas dynamics in the CVD reactor do not allow the complete prevention of local fluctuations of components and the formation of inclusions of both elements. Probably, the difference in the LIDT results of ZnSe from different manufacturers (Figure 4) is related to the accuracy of gas flow control and, consequently, to the unequal number of such inclusions. To our knowledge, the three manufacturers of the tested materials are the largest in the world and have reactors of tonnage capacity. The range of conditions under which it is possible to obtain laser-quality material in large reactors is quite narrow, so we assume that the other ZnSe parameters that could affect the optical breakdown threshold (e.g., impurity composition) are close in all the manufacturers considered.



Annealing in Zn or Se vapor causes them to fill the pores inevitably present in the material, as well as enriching the ZnSe matrix with the corresponding component. As the temperature decreases, they condense in the pores, and their solubility in the matrix decreases, which leads to the formation of elemental inclusions in the volume of the material. This explains well the dependences observed in Figure 2.



ZnSe annealed in a zinc atmosphere has the highest absorption and therefore has the lowest LIDT. In the original ZnSe (manufactured by INOPTICS), the absorption also appears to be largely due to zinc inclusions, but which are much smaller than in the ZnSe_Zn sample. Annealing in selenium vapor removes all zinc inclusions. Since elemental selenium is transparent to radiation at 2091 nm, the LIDT in the ZnSe_Se sample is higher than in the original ZnSe. The sample annealed in argon has the highest zero-probability LIDT. This annealing allows the interaction reactions of elemental Zn and Se to complete, and the excess component evaporates from the sample, forming the most stoichiometric material with the fewest inclusions. Such a material has almost the same LIDT as ZnSe with the initially high breakdown threshold produced by II-VI and PromLab. However, the ZnSe_Ar sample has a 100% probability of optical damage lower by 16 and 25%, respectively. It can be assumed that the origin of the defects limiting the onset of breakdown in all three materials under study is the same, but the different slope of the breakdown probability curves indicates a non-uniform distribution of such defects or a change in the damage mechanism. In favor of the latter, there are noticeable deviations of the experimental points from the approximating straight line. For example, zero-probability LIDT can limit macro defects—particles of ZnO or graphite, contamination with which is possible during material growth—and a 100% probability of optical breakdown is provided by impurity-defective centers. Annealing inevitably leads to an increase in the concentration of impurities, the most common of which is oxygen [32]. The visually-observed effect of the red glow in the ZnSe sample near the LIDT fluence can be also explained by the luminescence of the oxygen impurities.



The HIP-treated materials have a significantly lower LIDT than both the original samples and those annealed in Ar. Despite the same mechanism of Zn and Se elemental inclusions removal, the probability of impurity contamination is higher under HIP treatment conditions [32]. This is due to the fact that the quartz ampoule for annealing is easy enough to clean. The sample is in contact with only a few tens of ml of argon, and the ingress of impurities from the quartz can usually be neglected, except for the oxygen impurity, which, depending on temperature and glass quality, can penetrate into the ampoule in noticeable quantities. The situation with processing in the HIP is different. The chamber in which the processing takes place contains many elements made from different materials. The complete removal of adsorbed gases (primarily water) from them is technically impossible. Even relatively small chambers contain thousands of liters of argon, and every thousand liters contains 1 mL of impurity gases when using Ar of purity 6N. Additionally, the same equipment is used to process different materials. All of the above makes it extremely difficult to maintain the initial purity of ZnSe in terms of metallic impurities during the HIP treatment, and oxygen contamination is inevitable. As shown earlier, at wavelengths less than 10 µm, absorption in CVD-ZnSe occurs on free carriers, the source of which are impurity ions [3,33]



The significantly lower LIDT of the ZnSe_HIP_900 sample in comparison with the ZnSe_HIP_1200 one can be explained by the different distribution of impurities in the volume of the samples. The movement of impurity defect centers during HIP from the surface deep into the sample was observed in [34,35]. ZnSe treated at 1200 °C for 53 h showed the most homogeneous distribution of such centers compared to samples annealed in an ampoule at 1000 °C. Increasing the homogeneity of impurity distribution during annealing can significantly reduce the absorption of free carriers [3]. At lower temperatures, much of the impurities are in the near-surface layer, which creates conditions for surface breakdown. Processing at high temperatures allows more complete diffusion processes, which, at an equal content of impurities, reduces their local concentration. This fact can also be explained by the different responses of the samples to changes in exposure duration. ZnSe_HIP_1200 had the 14% (0.5 J/cm2) LIDT increase with increasing exposure duration from 1 s to 10 s, and ZnSe_HIP_900 has 11% (0.4 J/cm2) of the LIDT decrease in the same conditions.



The zero-probability LIDT fluence of all tested ZnSe and Fe2+:ZnSe samples decreased with the increase in the PRR and the exposure duration, as shown in Figure 5, Figure 6 and Figure 9. This result appears to be in good agreement with the incubation phenomenon when the LIDT fluence decreases with the increase in the number of pulses during irradiation. This phenomenon is well known for different optical materials [7,8,24]. The incubation effect in our experiments can be explained by the temperature rise in the beam center over the exposure duration, which resulted in a higher absorption coefficient, photochemical effects, and a lower critical specific damage fluence. Note that the slope of the damage probability in ZnSe samples apparently decreased upon increasing the exposure time (Figure 5); however, this effect was absent in the Fe2+:ZnSe samples (Figure 9b). This may be explained by the additional annealing of the high-quality irradiated spot in ZnSe during long exposure, and it is not valid for the annealed Fe2+:ZnSe samples.




7. Conclusions


The optical damage probability and LIDTs of the polycrystalline ZnSe, Cr2+:ZnSe, and Fe2+:ZnSe samples, manufactured using different processing technology, were analyzed at 2.1 µm as a function of the Ho3+:YAG laser fluence. The annealing of the materials in the argon or selenium atmospheres resulted in the LIDT increasing; however, the zinc atmosphere for annealing or the HIP treatment led to the LIDT decreasing. The highest LIDT was found in the ZnSe samples annealed in an Ar atmosphere. Cr2+-doped ZnSe had the lower LIDT at 2.1 µm in comparison with the Fe2+-doped or undoped ZnSe. The LIDT fluence of all tested samples decreased with the increase in the PRR and the exposure duration of the repetitively pulsed Ho3+:YAG laser, and this can be explained by the incubation phenomenon. The results obtained serve as information for the improvement of treatment procedures for ZnSe, Cr2+:ZnSe, and Fe2+:ZnSe elements to further increase their LIDT.
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Figure 1. Optical layout of the experimental setup for the study of the Cr2+:ZnSe optical damage. 
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Figure 2. Damage probability vs the laser beam fluence for the ZnSe samples annealed in different atmospheres: an initial ZnSe sample without annealing, ZnSe_org (1); the ZnSe sample annealed in selenium, ZnSe_Se (2); the ZnSe sample annealed in zinc, ZnSe_Zn (3); the ZnSe sample annealed in argon, ZnSe_Ar (4). The pulse repetition rate (PRR) of the Ho3+:YAG laser was 12 kHz, the exposure duration was 1 s. 
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Figure 3. Damage probability vs the laser beam fluence for the ZnSe samples hot isostatically pressed (HIPed) at different temperatures: ZnSe_HIP_1200 (1), ZnSe_HIP_900 (2). The PRR of the Ho3+:YAG laser was 12 kHz, the exposure duration was 1 s. 
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Figure 4. Damage probability vs the laser beam fluence for the original ZnSe samples from different manufacturers: the polycrystalline ZnSe manufactured by INOPTICS, Nizhny Novgorod, Russia (1); the polycrystalline ZnSe manufactured by PromLab LLC, Nizhny Novgorod, Russia (2); the polycrystalline ZnSe manufactured by II-VI Incorporated, Saxonburg, USA (3). The PRR of the Ho3+:YAG laser was 12 kHz, the exposure duration was 1 s. 
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Figure 5. Damage probability of the ZnSe_Ar sample vs the laser beam fluence for different exposure durations of the Ho3+:YAG laser (at 16 kHz PRR): 1 s (1), 20 s (2), 40 s (3), 60 s (4). 
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Figure 6. Damage probability vs fluence for ZnSe_Ar for PRR 12 kHz (1) or 16 kHz (2). The exposure duration was 1 s. 
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Figure 7. The red glow from the laser-irradiated area of the ZnSe sample. 
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Figure 8. Damage probability vs the laser beam fluence for the samples: ZnSe_Ar (1), Fe2+:ZnSe_Ar (2), Cr2+:ZnSe_Ar (3). 
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Figure 9. Damage probability vs fluence for Fe2+:ZnSe_Ar at the varied PRR of 12 kHz (1) or 16 kHz (2) at the constant exposure duration of 1 s (a), or at the varied exposure duration of 1 s (1) or 10 s (2) at the fixed PRR of 12 kHz (b). 
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Table 1. The PRR of the laser radiation, f; the number of the damaged sites, N; the average quadratic error, <  Δ  W  av  2    >; the K coefficient of the error dispersion at the confidence probability of F = 0.95; the average laser-induced damage threshold (LIDT) fluence, Wav; the 0-probability LIDT fluence, W0d, for the ZnSe samples with different annealing atmospheres. The exposure duration was 1 s.
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	Sample
	f, kHz
	N
	<ΔWav2 > 1/2 J/cm2
	K
	Wav, J/cm2
	W0d, J/cm2





	ZnSe_org
	12
	5
	0.05
	2.8
	(4.2 ± 0.14)
	(3.28 ± 0.06)



	ZnSe_Se
	12
	5
	0.09
	2.8
	(4.9 ± 0.3)
	(3.6 ± 0.3)



	ZnSe_Zn
	12
	5
	0.01
	2.8
	(3.45 ± 0.03)
	(3.01 ± 0.03)



	ZnSe_Ar
	12
	5
	0.02
	2.8
	(4.89 ± 0.06)
	(4.32 ± 0.06)
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Table 2. The number of the damaged sites, N; the average quadratic error, <  Δ  W  av  2    >; the K coefficient of the error dispersion at the confidence probability of F = 0.95; the average LIDT fluence, Wav; the 0-probability LIDT fluence, W0d, for the ZnSe samples at different PRR (f) of the Ho3+:YAG laser: 12 or 16 kHz. The exposure duration was 1 s.






Table 2. The number of the damaged sites, N; the average quadratic error, <  Δ  W  av  2    >; the K coefficient of the error dispersion at the confidence probability of F = 0.95; the average LIDT fluence, Wav; the 0-probability LIDT fluence, W0d, for the ZnSe samples at different PRR (f) of the Ho3+:YAG laser: 12 or 16 kHz. The exposure duration was 1 s.





	Sample
	f, kHz
	N
	<ΔWav2 > 1/2, J/cm2
	K
	Wav, J/cm2
	W0d, J/cm2





	ZnSe_Ar
	12
	5
	0.02
	2.8
	(4.89 ± 0.06)
	(4.32 ± 0.06)



	ZnSe_Ar
	16
	5
	0.02
	2.8
	(4.63 ± 0.06)
	(4.01 ± 0.06)



	ZnSe_org
	12
	5
	0.02
	2.8
	(4.19 ± 0.04)
	(3.43 ± 0.04)



	ZnSe_org
	16
	5
	0.02
	2.8
	(4.46 ± 0.02)
	(4.044 ± 0.02)



	ZnSe_Se
	12
	5
	0.02
	2.8
	(4.85 ± 0.06)
	(3.78 ± 0.06)



	ZnSe_Se
	16
	5
	0.02
	2.8
	(4.86 ± 0.02)
	(4.5 ± 0.02)



	ZnSe_Zn
	12
	5
	0.02
	2.8
	(3.44 ± 0.02)
	(3.09 ± 0.02)



	ZnSe_Zn
	16
	5
	0.02
	2.8
	(3.51 ± 0.03)
	(2.99 ± 0.03)
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Table 3. The PRR of the laser radiation, f; the number of the damaged sites, N; the average quadratic error, <  Δ  W  av  2    >; the K coefficient of the error dispersion at the confidence probability of F = 0.95; the average LIDT fluence, Wav; the 0-probability LIDT fluence, W0d, for the ZnSe_Ar, Fe2+-, and Cr2+-doped samples. The exposure duration was 1 s.






Table 3. The PRR of the laser radiation, f; the number of the damaged sites, N; the average quadratic error, <  Δ  W  av  2    >; the K coefficient of the error dispersion at the confidence probability of F = 0.95; the average LIDT fluence, Wav; the 0-probability LIDT fluence, W0d, for the ZnSe_Ar, Fe2+-, and Cr2+-doped samples. The exposure duration was 1 s.





	Sample
	f, kHz
	N
	<ΔWav2 > 1/2, J/cm2
	K
	WD, J/cm2
	W0d, J/cm2





	ZnSe_Ar
	12
	5
	0.02
	2.8
	(4.89 ± 0.06)
	(4.32 ± 0.06)



	Fe2+:ZnSe_Ar
	12
	5
	0.02
	2.8
	(4.47 ± 0.06)
	(3.89 ± 0.06)



	Cr2+:ZnSe_Ar
	12
	5
	0.001
	2.8
	(2.658 ± 0.001)
	(2.577 ± 0.001)



	Cr2+:ZnSe_Se
	12
	5
	0.03
	2.8
	(2.31 ± 0.03)
	(1.82 ± 0.08)



	Cr2+:ZnSe_Zn
	12
	5
	0.01
	2.8
	(2.82 ± 0.03)
	(2.6 ± 0.03)
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