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Direct Experimental Determination of the Optimum Chromium Concentration in Continuous-Wave Cr2+:ZnSe Lasers Alphan Sennaroglu, Senior Member, IEEE, Umit Demirbas, Adnan Kurt, and Mehmet Somer



Abstract—We employed several experimental techniques to measure the concentration dependence of the important laser parameters, and directly determine the optimum ion concentration for continuous-wave (CW) operation in room temperature Cr2+ :ZnSe lasers. By using diffusion doping, 40 polycrystalline Cr2+ :ZnSe samples with ion concentrations in the range of 0.8 × 1018 to 66 × 1018 ions/cm3 were prepared and used in this paper. Based on the spectroscopic measurements, empirical formulae showing the concentration dependence of the passive laser losses, fluorescence lifetime, and the fluorescence efficiency were obtained. By using the fluorescence efficiency data, the optimum chromium concentration, which maximizes the 2400-nm fluorescence intensity at a fixed excitation power, was determined to be 6 × 1018 ions/cm3 . The dependence of the optimum concentration on sample length was further discussed. The CW power performance of the samples was also evaluated. At an incident pump power of 2.1 W, the optimum concentration for lasing was determined to be 8.5 × 1018 ions/cm3 that was in good agreement with the fluorescence measurements. The predictions of the fluorescence analysis and laser power measurements were in good agreement at low chromium concentrations. The observed discrepancy at higher doping levels was attributed to thermal loading. Index Terms—Chromium compounds, laser thermal factors, mid-infrared lasers, rare earth and transition metal solid state lasers, solid state lasers, solid state spectroscopy, tunable lasers.



I. INTRODUCTION FTER ITS first demonstration as a solid state gain medium in 1996 [1], [2], Cr2+ :ZnSe has emerged as an important and versatile source of tunable mid-infrared laser radiation with many favorable characteristics for efficient lasing. These include the presence of broad absorption and emission bands, near-unity quantum efficiency at low doping concentrations, ease of sample preparation by diffusion doping, and the fourlevel energy structure that allows low-threshold continuouswave (CW) operation. To date, various modes of operation have
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been demonstrated [3]–[8], and broad-wavelength tunability has been achieved between 1880 and 3100 nm [9]. One of the most important parameters that affect the power performance of Cr2+ :ZnSe lasers is the active-ion concentration. At one extreme, too low ion concentration leads to insufficient pump absorption, and threshold optical gain cannot be achieved to get laser oscillation. At the other extreme, high doping levels increase the nonradiative decay rates due to ion–ion interactions and reduce the fluorescence lifetime. As a result of the concentration dependence of the fluorescence lifetime, the fluorescence efficiency of the Cr2+ :ZnSe gain medium and the steady-state population inversion also decrease with increasing active-ion concentration, leading to higher CW lasing thresholds. In addition, thermal loading and passive losses also increase at large concentrations and can deteriorate the lasing performance as well as the output beam quality. Therefore, it is very important, from a practical point of view, to determine the optimum concentration at which the fluorescence efficiency and the CW output power will be maximized. In this paper, we employed several experimental techniques to measure the concentration dependence of some of the important laser parameters and to determine the optimum ion concentration for CW Cr2+ :ZnSe lasers. All of the Cr2+ :ZnSe samples were prepared by diffusion doping, and commercial polycrystalline ZnSe substrates were used as host material. Since the optimum ion concentration for lasing depends on the length of the active medium, we chose samples with a fixed length of about 2 mm. We measured the passive losses, the fluorescence lifetime, and the fluorescence efficiency at the lasing wavelength as a function of chromium concentration. By using the concentration-dependent fluorescence efficiency data, the optimum ion concentration which maximizes the fluorescence intensity at 2400 nm was determined to be 6 × 1018 ions/cm3 . Based on the fluorescence measurements, we also showed how the optimum concentration should vary with sample length. In lasing experiments, the CW power performance of the samples was then evaluated. Based on the power measurements at the incident pump power of 2.1 W, the optimum concentration for CW lasing was determined to be 8.5 × 1018 ions/cm3 that was in very good agreement with the spectroscopic measurements. Similar results were obtained in threshold and slope efficiency measurements. The experimental methods outlined in this paper provide a useful technique for the optimization of the CW laser performance, and can be readily applied to a wide variety of ion-doped solid state lasers.
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TABLE I LENGTH, SMALL-SIGNAL PEAK ABSORPTION COEFFICIENT (αp0 AT 1775 NM), AVERAGE Cr2+ ION CONCENTRATION, FLUORESCENCE LIFETIME AND SMALL SIGNAL PUMP ABSORPTION OF THE NINE POLYCRYSTALLINE Cr2+ :ZnSeSAMPLES USED IN THE LASING EXPERIMENTS



II. EXPERIMENTAL 2+



All of the Cr :ZnSe samples used in this paper were prepared by using thermal diffusion doping [10]. During the preparation process, polycrystalline ZnSe tablets (diameter = 10 mm, thickness = 2.0 mm) and CrSe dopant powder were placed inside a silica ampoule, which was sealed under high vacuum (P < 10−5 mbar). By varying the diffusion temperature in the 800 ◦ C−1100 ◦ C range and the diffusion time between 6 h and 43 days, 40 Cr2+ :ZnSe samples were prepared with Cr2+ ion concentrations between 0.8 × 1018 and 66 × 1018 ions/cm3 (corresponding range of peak absorption coefficient at 1775 nm = 0.9 to 76 cm−1 ). Samples were then hand polished for luminescence and lasing experiments. Absorption and transmission spectrum of each sample were measured with a commercial spectrophotometer (Shimadzu UV-VIS-NIR 3101 PC) in the 300–3200-nm wavelength range. The average Cr2+ doping concentration of each sample was estimated by using the measured differential absorption coefficient at the peak absorption wavelength of 1775 nm and the corresponding absorption cross-sectional value. To ensure consistency with the literature, we used the absorption cross-sectional value reported by Vallin et al. (σabs = 1.15 ×10−18 cm2 at 1775 nm) [11]. We note, however, that the reported peak absorption cross sections for Cr2+ :ZnSe vary between 0.75 ×10−18 and 2.8 ×10−18 cm2 (at 1775 nm) [11]–[14]. This places a major limitation on the accuracy of this technique in determining the exact chromium concentrations. In the remaining part of the paper, we will also specify the measured absorption coefficient of each sample, since the accuracy in these measurements was much better (±10%). Another source of inaccuracy is the nonuniform distribution of doping concentration in the samples, especially near the edges. To overcome this problem, care was taken in the experiments to make the absorption, fluorescence, and lasing measurements near the central portion of the samples, where dopant distribution was fairly uniform. In the spectroscopic characterization experiments, the fluorescence lifetime and the emission spectrum of each sample were measured. In the lifetime measurements, a KTP optical parametric oscillator (OPO) operating at 1570 nm and outputting 65-ns-long pulses at a repetition rate of 1 kHz was used. The OPO beam was focused inside the samples by using a converg-



ing lens with a focal length of 5 cm. The fluorescence was then collected with a second converging MgF2 lens (focal length = 8 cm) and detected with a fast InGaAs detector. The response time of the detector was 3 ns. During the fluorescence spectrum measurements, two different pump sources were used to excite the samples: a home-built CW Cr4+ :YAG laser at 1510 nm and a commercial CW thulium-doped fiber laser at 1800 nm (IPG Photonics Corporation). In both cases, the output of the excitation source was chopped at a frequency of about 150 Hz and lock-in detection was employed to measure the wavelength dependence of the fluorescence signal with a 0.5-m Czerny– Turner-type monochromator and a PbS detector. In order to evaluate the lasing potential of each sample and the effect of the active-ion concentration on the fluorescence strength, we measured the fluorescence efficiency ηF at 2400 nm, defined according to ηF =



I2400 . Pabs



(1)



In (1), I2400 is the measured fluorescence intensity at 2400 nm and Pabs is the absorbed pump power at the excitation wavelength. Here, we note that the measured fluorescence efficiency is in arbitrary units. However, it still enables the comparison of the fluorescence efficiency from different samples. To investigate the dependence of the CW laser performance on ion concentration, we used nine of the Cr2+ :ZnSe samples with Cr2+ concentration in the range of 0.8 × 1018 to 23.2 × 1018 ions/cm3 . To ensure consistency, these nine samples were all prepared at the same diffusion temperature of 1000 ◦ C, and only the diffusion time was varied to adjust the Cr2+ concentration. Also, all the samples had approximately the same thickness (about 2 mm) and the undoped substrates were polycrystalline ZnSe. Table I summarizes the optical properties of the nine samples used in the lasing experiments. A schematic of the laser setup is further shown in Fig. 1. As the pump source, a CW 5-W thulium fiber laser (IPG Photonics Corporation) was used. The operating wavelength of the pump laser was 1800 nm. A converging lens (L1, f = 10 cm) was used to focus the pump beam to an estimated waist of about 35 µm inside the gain medium. The standard astigmatically compensated xcavity consisted of two curved high reflectors (M1 and M2, R
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Fig. 1. Schematic of the CW Cr2+ :ZnSe laser setup. The x-cavity containing the Cr2+ :ZnSe crystal was end-pumped by a Tm-fiber laser at 1800 nm (see the text for a description of the various components).



Fig. 2. Measured absorption spectrum of pure ZnSe and three Cr2+ :ZnSe samples with different chromium concentration. Properties of the Cr2+ : ZnSe samples are listed in Table I. Absorption spectrum around 2500 nm was used to estimate the single-pass passive losses at the lasing wavelength. The inset shows the increase in passive losses with increasing chromium concentration around 2500 nm.



= 10 cm), a flat-end high reflector (M3), and a 3% flat output coupler (M4). Each sample was wrapped in indium foil and clamped inside a copper holder, which was water-cooled at 15 ◦ C. Lasing experiments were performed without any intracavity wavelength-selective tuning elements. The free-running wavelength of the laser was around 2500 nm with a linewidth of less than 0.5 nm. III. RESULTS A. Concentration-Dependent Losses at 2500 nm In the experiments, the concentration dependence of the passive losses at the lasing wavelength was first measured. As an example, Fig. 2 shows the absorption spectra of three Cr2+ :ZnSe samples (samples 3, 7, and 9 shown in Table I), along with that of pure ZnSe. We compared the measured absorption spectrum of the Cr2+ :ZnSe samples with that of pure ZnSe to estimate the passive losses at the lasing wavelengths around 2500 nm. In particular, the inset in Fig. 2 shows the absorption spectra around 2500 nm in greater detail. The lower curve in the inset of Fig. 2 belongs to pure polycrystalline ZnSe and shows the level of Fresnel losses. The Fresnel loss of pure ZnSe was subtracted from each absorption spectrum to determine the net passive loss of the doped samples. Our measurements show that
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the passive loss of the Cr2+ :ZnSe samples increases approximately in a linear fashion with increasing Cr2+ concentration. For example, while the single-pass passive loss of sample 3 with a Cr2+ concentration of 2.7 ×1018 ions/cm3 was about 2% at 2500 nm, it increased to above 10% for sample 9 (Cr2+ concentration = 23.2 × 1018 ions/cm3 ). By using the absorption spectra of more than ten polycrystalline Cr2+ :ZnSe samples, the following empirical equation was obtained between the differential loss coefficient α2500 at 2500 nm (in units of per centimeter) and the average Cr2+ concentration NCr (ions/cm−3 )   α2500 ≈ (0.04 ± 0.02) + (0.02 ± 0.01) 10−18 NCr . (2) Here, we note that this formula gives only a rough estimate of the passive losses for Cr2+ :ZnSe samples prepared by thermal diffusion doping, and variations from sample to sample were observed. Considering (2), we see that at low-doping concentrations, α2500 has the residual value of 0.04 ± 0.02 cm−1 , which could be attributed to scattering losses from the imperfect surfaces and changes in the mechanical properties of the sample (such as hardness and grain size) during annealing. Scattering losses can, in principle, be further reduced by better polishing. The concentration-dependent contribution to losses could result from several factors. For example, generation of defects during the diffusion process could contribute to losses, as has been observed in the preparation of n- or p-type ZnSe [15]. Related to this, Ivanov et al. proposed postgrowth annealing of the Cr2+ :ZnSe samples in zinc vapor in order to reduce the parasitic absorption losses caused by Zn vacancies in the ZnSe host [16]. In addition, it is well known that trace amounts of impurities such as Fe in the dopant powder (CrSe) may cause substantial losses at the emission wavelengths of Cr2+ :ZnSe [10]. Finally, previous spectroscopic studies suggest that part of this loss could be due to a second absorption band of chromium with a peak centered around 6.6 µm and extending up to 14 µm (at 300 K) [6], [17]–[20]. Losses due to defects or impurities could be further reduced by improving the diffusion doping technique or by using other more advanced sample preparation techniques. For example, physical vapor transport technique has been shown to produce Cr2+ :ZnSe samples with higher optical quality [2], [21], [22]. However, self-absorption loss observed at the lasing wavelengths appears to be an unavoidable property of the Cr2+ :ZnSe gain medium and is expected to degrade the laser performance with increasing active-ion concentration. B. Lifetime Measurements In fluorescence lifetime measurements, 26 Cr2+ :ZnSe samples with varying active-ion concentration were used. The resulting concentration dependence of the fluorescence lifetime is shown in Fig. 3. In addition, the inset in Fig. 3 further shows the variation of the natural logarithm of the fluorescence signal with time for sample 2 for which the fluorescence lifetime was determined to be 5.2 µs. As can be seen from Fig. 3, the fluorescence lifetime shows a monotonic decrease with Cr2+ concentration due to concentration quenching. The sharp decrease with increasing ion concentration was also observed in previous studies [22], [23]. The concentration dependence of the
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Fig. 3. Measured variation of the fluorescence lifetime as a function of the active-ion concentration. The inset shows the natural logarithm of the measured fluorescence decay signal for Cr2+ :ZnSe sample 2, which has a concentration of 2.2 × 1018 ions/cm3 . The fluorescence lifetime was determined to be 5.2 µs.



fluorescence lifetime (τF ) can be accurately determined from the empirical formula τF 0 2 



τF = 1+



(3)



NCr N0



where τF 0 is the low-concentration value of the fluorescence lifetime, NCr is the chromium concentration, and N0 is the concentration where τF is reduced to τF 0 /2. The solid line in Fig. 3 shows the least-squares fit to the experimental lifetime data using (3). The best-fit values of τF 0 and N0 were determined to be 5.56 µs and 17 ×1018 ions/cm3 , respectively, corresponding to a peak absorption coefficient of 19.5 cm−1 at 1775 nm. τF 0 values reported in earlier studies are between 5–7 µs [22]–[25]. The observed variation may be due to the difference in the structural properties of the ZnSe host. The measured value of N0 (17 ×1018 ions/cm3 )is similar to what was reported earlier [22], [23]. In addition, as reported by Burger et al., the decrease in the fluorescence lifetime for concentrations lower than 10 ×1018 ions/cm3 is relatively weak [23]. These results suggest that samples with concentrations lower than approximately 10 × 1018 ions/cm3 (corresponding peak absorption coefficient of 11.5 cm−1 at 1775 nm) are more suitable for laser applications, especially in the CW regime. We also investigated the temperature dependence of fluorescence lifetime. Fig. 4 shows the experimentally measured variation of fluorescence lifetime as a function of temperature between 0 ◦ C–140 ◦ C for a Cr2+ :ZnSe sample with Cr2+ concentration of 5.7 × 1018 ions/cm3 (sample 5 in Table I). For temperatures above 60 ◦ C, nonradiative decay rates become important, and a sharp decrease of the fluorescence lifetime was observed as in earlier studies [1], [22], [23]. For transition metal ion-doped laser materials, the Mott equation is generally used to describe the strength of temperature-dependent nonradiative relaxation processes [26], [27]. In this model, the temperature dependence of the fluorescence lifetime τF (T ) is given by   1 1 1 1 1 ∆E = = + + exp − (4) τF (T ) τR τN R (T ) τR τN R0 kT



Fig. 4. Measured (rectangular dots) and fit (solid line) variation of the fluorescence lifetime for Cr2+ :ZnSe sample 5 as a function of temperature between 0 ◦ C–140 ◦ C. The sample has a concentration of 5.7 × 1018 ions/cm3 , with a corresponding peak absorption coefficient of 6.5 cm−1 at 1775 nm.



where τR−1 is the spontaneous radiative decay rate, τN R (T )−1 is −1 the temperature-dependent nonradiative decay rate, τN R0 is the high temperature limit of the nonradiative decay rate, ∆E is the activation energy, k is the Boltzmann’s constant, and T is the absolute temperature in Kelvin. The solid line in Fig. 4 is the leastsquares fit to the lifetime data of sample 5, where we took τR as 5 µs (the room temperature value of fluorescence lifetime for sample 5). The best-fit values of τN R0 and ∆E were determined to be 0.63 ps and 4260 cm−1 , respectively. The critical temperature (defined as T1/2 in [27]) at which the fluorescence lifetime drops to half of the radiative lifetime is calculated as 115 ◦ C for Cr2+ :ZnSe. This relatively high critical temperature is one of the main factors, which enables efficient, room-temperature CW laser operation in Cr2+ :ZnSe. In comparison, the reported value of the activation energy ∆E for Fe2+ :ZnSe is much lower (1900 cm−1 ), hence, resulting in faster nonradiative transitions even at much lower temperatures (approximately –100 ◦ C), and inhibiting CW room-temperature laser operation [26]. C. Optimum Chromium Concentration From Fluorescence Measurements As noted earlier, two techniques were employed to evaluate the lasing potential of the Cr2+ :ZnSe samples, and to directly determine the optimum chromium concentration for best power performance. The first technique involved the measurement of the fluorescence efficiency at 2400 nm. Sixteen Cr2+ :ZnSe samples with varying chromium concentration were tested, and two different pump sources at the wavelengths of 1510 and 1800 nm were used to compare the results. Fig. 5 shows the measured concentration dependence of the fluorescence efficiency (ηF ) as defined in (1). The results indicate a sharp decrease in the fluorescence efficiency of Cr2+ :ZnSe with increasing Cr2+ concentration, which is in agreement with the lifetime data shown in Fig. 3. However, note that the decrease observed in the fluorescence efficiency measurements (Fig. 5) was actually sharper than that in the lifetime data (Fig. 3). We believe that this is possibly due to the role of local heating and passive losses at the emission wavelength, both of which increase with chromium
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Fig. 5. Experimentally measured variation of the fluorescence efficiency at 2400 nm as a function of chromium concentration. The data were taken using two different pump sources: 1) a commercial CW Tm-fiber laser at 1800 nm and 2) a CW Cr4+ :YAG laser operating at 1510 nm. Solid line is the empirical best fit to the data using (4).



concentration. Reasonable fit to the fluorescence efficiency data was obtained by assuming a logarithmic dependence of ηF on the concentration   NF ηF = a ln . (5) NCr By using the fluorescence data taken with 1510- and 1800nm pump lasers, the average values of the fitting parameters a and NF were determined to be 0.1725 and 68.4 × 1018 ions/cm3 (corresponding peak absorption coefficient at 1775 nm = 78.5 cm−1 ), respectively. The solid line in Fig. 5 is the least-squares fit to the fluorescence efficiency data using the above best-fit values for a and NF . Also, note that the empirical formula given in (5) is valid for concentrations lower than NF . By using the empirical formula for the fluorescence efficiency ηF , we can determine the optimum chromium concentration Nopt for which the emitted laser photons for a given incident pump power and sample length will be maximum. Since ηF gives the fraction of the absorbed pump power converted to photons at the lasing wavelength, the total emitted power at the lasing wavelength will be proportional to AηF , where A is the total absorption of the sample at the pump wavelength. Neglecting saturation effects, the total absorption A = 1 − exp (−σa NCr l) (where σa is the absorption cross section, NCr is the chromium concentration, and l is the sample length) increases with the ion concentration and approaches 1 at large values of NCr . Fig. 6 shows the calculated variation of AηF for three hypothetical Cr2+ :ZnSe samples with thicknesses of 1, 2, and 5 mm, respectively. In all the cases, there is an optimum concentration where the fluorescence power is maximized. For example, in the case of the 2-mm-long sample, the optimum chromium concentration is about 6 × 1018 ions/cm3 (corresponding peak absorption coefficient at 1775 nm = 6.9 cm−1 ). This simple analysis further shows that the optimum ion concentration decreases for longer samples and that better laser performance should be obtained by using longer samples with lower Cr2+ concentration. Physically, this makes sense because in the case of longer samples, much lower chromium concentrations can still give sufficient amount
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Fig. 6. Estimated variation of the fluorescence intensity AηF (A = absorption, ηF = fluorescence efficiency) at 2400 nm based on the fluorescence efficiency measurements for three hypothetical Cr2+ :ZnSe samples with thickness of 1, 2, and 5 mm.



of absorption, and the fluorescence efficiency remains high since ion–ion interactions are not as severe. In this simple optimization approach, the nonuniform distribution of concentration, which is a natural consequence of diffusion doping, was not taken into account. Finally, we note that the optimum concentration that gives the maximum fluorescence intensity does not necessarily coincide with the optimum concentration that maximizes the laser performance. This is because the influence of losses can be more critical during lasing than in fluorescence. Laser power performance is also affected by other factors such as saturation and output coupling transmission. However, the fluorescence analysis described here provides a very useful guideline for the preparation of laser-quality samples in which nonradiative effects are mitigated.



D. Optimum Chromium Concentration From Laser Power Measurements The second technique for the determination of the optimum chromium concentration was based on direct laser power measurements. To investigate the role of active-ion concentration on the CW lasing performance, we tested the lasing characteristics of the nine Cr2+ :ZnSe samples listed in Table I. Fig. 7 shows the variation of the CW output power as a function of the incident pump power for six of these samples (samples 1, 2, 4, 6, 8, and 9 in Table I). Efficiency curves of the other samples were not included in Fig. 7 for the sake of clarity. The laser performance varied considerably from sample to sample due to the difference in ion concentration. As can be seen from Fig. 7, at high pumping levels, best power performance was obtained with sample 4, which had a Cr2+ concentration of 4 × 1018 ions/cm3 (fluorescence lifetime = 5.1 µs) and an absorption of about 60% at 1800 nm. With sample 4, as high as 256 mW of output power was obtained with 3.7 W of incident pump power. The corresponding threshold pump power and the slope efficiency with respect to the incident pump power were 340 mW and 8%, respectively.
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Fig. 9. Experimentally measured variation of incident threshold pump power as a function of the Cr2+ concentration for nine different Cr2+ :ZnSe samples. Spectroscopic properties of the samples are listed in Table I.



Fig. 7. CW power efficiency curves for the Cr2+ :ZnSe laser taken with a 3% output coupler. Power data for samples 1, 2, 4, 6, 8, and 9 are shown. Spectroscopic properties of the samples are listed in Table I.



Fig. 10. Experimentally measured variation of laser slope efficiency with respect to incident pump power as a function of the Cr2+ concentration for the nine different Cr2+ :ZnSe samples. Spectroscopic properties of the samples are listed in Table I.



Fig. 8. Measured (square dots) variation of the output power as a function of the active-ion concentration for the nine Cr2+ :ZnSe samples used in the lasing experiments. The incident pump power is 2.1 W. The solid line is the predicted emitted photon intensity based on the fluorescence analysis and is the same as the curve in Fig. 6 for the 2-mm-long sample.



In order to determine the optimum chromium concentration for CW lasing, the variation of the maximum output power was investigated as a function of the Cr2+ concentration. Since the output power begins to level off due to thermal loading at high pumping levels, we chose to compare the power performance of the samples at the incident pump power of 2.1 W where the efficiency curve is fairly linear for most of the samples. The results are shown in Fig. 8. As can be seen, the best laser performance was obtained with sample 6, which had a Cr2+ concentration of 8.5 × 1018 ions/cm3 . To delineate this issue further, Figs. 9 and 10 show the measured variation of the threshold pump power and slope efficiency (with respect to the incident pump power) as a function of Cr2+ concentration, respectively. As can be seen from Fig. 9, the



measured incident threshold pump power first decreases with increasing Cr2+ concentration since this leads to higher pump absorption. However, it reaches a minimum and begins to increase due to an increase in passive losses and nonradiative decay rates. A similar trend was observed in the case of the slope efficiency data shown in Fig. 10. The optical-to-optical conversion efficiency first increases with increasing pump absorption, and beyond the optimum concentration, shows a sharp decrease. As can be seen from Figs. 9 and 10, for samples with chromium concentration outside the range of 4 × 1018 to 10 × 1018 ions/cm3 , the chromium concentration is either too low to have sufficient pump absorption or too high to produce efficient fluorescence, which is in fairly good agreement with the power data displayed in Fig. 8 (corresponding range of peak absorption coefficients at 1775 nm = 4.6 to 11.5 cm−1 ). The solid line in Fig. 8 is the estimated laser performance based on the fluorescence efficiency measurements for a hypothetical 2-mm-thick Cr2+ :ZnSe sample. The solid curve is identical to that is shown in Fig. 6, except that a different normalization constant is used to facilitate the comparison. Note that the measured laser performance agrees very well with the predictions of the fluorescence analysis at low concentrations. Furthermore, the optimum chromium concentration determined from laser power measurements (8.5 × 1018 ions/cm3 ) comes
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quite close to that (6 × 1018 ions/cm3 ) predicted from the fluorescence efficiency measurements described in Section III-C. However, for the highly doped samples, experimentally measured laser output power levels are lower than those predicted from the fluorescence analysis. As discussed in the following paragraph, this is attributed to the role of increased thermal loading, which was not taken into account in the fluorescence analysis. The role of thermal loading on the power performance of lasers has been discussed in several previous studies [28]–[30]. To analyze the effect qualitatively, one can calculate the heating fraction ηh of the medium [29]   λp τf (T ) ηh (T ) = 1 − (6) λL τrad where λp and λL are the respective pump and laser wavelengths, τf (T ) is the fluorescence lifetime at temperature T , and τrad is the radiative lifetime. The heating fraction ηh gives the fraction of the absorbed pump power that is converted to heat, and directly influences the strength of thermal loading inside the gain medium. As an example, ηh for sample 1 is only 0.27 at 15 ◦ C, whereas it increases to 0.67 in the case of sample 9. Since the fluorescence lifetime has temperature dependence [see Fig. 4 and (4)], internal heating further reduces the local value of the fluorescence lifetime, and results in reduced inversion and lower optical gain. This explains the fact that the measured laser performance at high doping concentrations is lower than the predictions of the fluorescence analysis. Specifically, by using the model described in [28], we estimated the average temperature inside sample 1 to be 30 ◦ C at an incident pump power of 5 W and at the boundary temperature of 15 ◦ C. For sample 9, under the same pumping conditions, the average internal temperature is about 80 ◦ C, resulting in a considerable decrease in the population inversion and output power. IV. CONCLUSION We described a detailed set of experimental techniques to determine the concentration dependence of some of the important laser parameters, and to directly determine the optimum ion concentration for CW room-temperature Cr2+ :ZnSe lasers. Forty diffusion-doped, polycrystalline Cr2+ :ZnSe samples with Cr2+ ion concentrations between 0.8 × 1018 and 66 × 1018 ions/cm3 were used in this paper. Based on the spectroscopic measurements, empirical formulae were obtained to show the dependence of the passive laser losses, fluorescence lifetime, and fluorescence efficiency on chromium concentration. From the fluorescence efficiency measurements, the optimum ion concentration that maximizes the fluorescence at 2400 nm was determined to be 6 × 1018 ions/cm3 for a 2-mm-long sample (corresponding peak absorption coefficient at 1775 nm = 6.9 cm−1 ). It was further shown that the optimum ion concentration decreases as the sample length is increased. In the lasing experiments, the optimum chromium concentration was determined to be 8.5 × 1018 ions/cm3 at the incident pump power of 2.1 W for a 2-mm-long sample (corresponding peak absorption coefficient at 1775 nm = 9.8 cm−1 ). This corresponds to a total



829



absorption of about 85% at 1800 nm for a 2-mm-long sample. In general, the concentration dependence of the total emitted photons at the lasing wavelength agreed fairly well with the experimental output power data at low doping levels. The discrepancy at higher concentrations was attributed to the increased role of thermal loading. REFERENCES [1] L. D. DeLoach, R. H. Page, G. D. Wilke, S. A. Payne, and W. F. Krupke, “Transition metal-doped zinc chalcogenides spectroscopy and laser demonstration of a new class of gain media,” IEEE J. Quantum Electron., vol. 32, no. 6, pp. 885–895, Jun. 1996. [2] R. H. Page, K. I. Schaffers, and L. D. DeLoach et al., “Cr2+ doped zinc chalcogenides as efficient, widely tunable mid-infrared lasers,” IEEE J. Quantum Electron., vol. 33, no. 4, pp. 609–619, Apr. 1997. [3] R. H. Page, J. A. Skidmore, K. I. Schaffers, R. J. Beach, S. A. Payne, and W. F. Krupke, “Demonstrations of diode-pumped grating-tuned ZnSe:Cr+2 lasers,” presented at the OSA TOPS Adv. Solid-State Lasers, Orlando, FL, 1997. [4] G. J. Wagner, T. J. Carrig, R. H. Page, K. I. Schaffers, J. Ndap, X. Ma, and A. Burger, “Continuous-wave broadly tunable Cr2+ :ZnSe laser,” Opt. Lett., vol. 24, no. 1, pp. 19–21, 1999. [5] T. J. Carrig, G. J. Wagner, A. Sennaroglu, J. Y. Jeong, and C. R. Pollock, “Mode-locked Cr2+ :ZnSe laser,” Opt. Lett., vol. 25, no. 3, pp. 168–170, 2000. [6] I. T. Sorokina, “Crystalline mid-infrared lasers,” in Solid-State MidInfrared Laser Sources, I. T. Sorokina and K. L. Vodopyanov, Eds. Berlin, Germany: Springer, 2003, pp. 255–349. [7] G. J. Wagner, B. G. Tiemann, W. J. Alford, and T. J. Carring, “Singlefrequency Cr:ZnSe Laser,” presented at the OSA Adv. Solid-State Photon Conf., Santa Fe, NM, 2004. [8] E. Sorokin, S. Naumov, and I. T. Sorokina, “Ultrabroadband infrared solid-state lasers,” IEEE J. Sel. Topics Quantum Electron., vol. 11, no. 3, pp. 690–712, May/Jun. 2005. [9] U. Demirbas and A. Sennaroglu, “Intracavity-pumped Cr2+ :ZnSe laser with ultrabroad tuning range between 1880 and 3100 nm,” Opt. Lett., vol. 31, no. 15, pp. 2293–2295, 2006. [10] U. Demirbas, A. Sennaroglu, and M. Somer, “Synthesis and characterization of diffusion-doped Cr2+ :ZnSe and Fe2+ :ZnSe,” Opt. Mater., vol. 28, pp. 231–240, 2006. [11] J. T. Vallin, G. A. Slack, S. Roberts, and A. E. Hughes, “Infrared absorption in some II–VI compounds doped with Cr,” Phys. Rev. B, vol. 2, no. 11, pp. 4313–4333, 1970. [12] T.-Y. Tsai and M. Birnbaum, “Q-switched 2-µm lasers by use of a Cr2+ :ZnSe saturable absorber,” Appl. Opt., vol. 40, no. 36, pp. 6633– 6637, 2001. [13] V. G. Shcherbitsky, S. Girard, and M. Fromager et al., “Accurate method of the measurement of absorptioncross sections of solid-state saturable absorbers,” Appl. Phys.B, vol. 74, pp. 367–374, 2002. [14] R. D. Stultz, V. Leyva, and K. Spariosu, “Short pulse, high-repetition rate, passively q-switched Er:yttrium-aluminum-garnet laser at 1.6 microns,” Appl. Phys. Lett., vol. 87, p. 241118–2, 2005. [15] G. F. Neumark, “Defects in wide band gap II–VI crystals,” Mater. Sci. Eng., vol. R21, pp. 1–46, 1997. [16] V. Y. Ivanov, M. Godlewski, and A. Szczerbakow et al., “Optically pumped mid-infrared stimulated emission of ZnSe:Cr crystals,” Acta Phys. Polonica, vol. A105, no. 6, pp. 553–558, 2004. [17] G. Goetz, H. Zimmermann, and H.-J. Schulz, “Jahn–Teller interaction at Cr2+ (d4 ) centers in tetrahedrally coordinated II–VI lattices studied by optical spectroscopy,” Zeitschrift F¨ur Physik, vol. B91, pp. 429–436, 1993. [18] C. I. Rablau, J. O. Ndap, X. Ma, A. Burger, and N. C. Giles, “Absorption and photoluminescence spectroscopy of diffusion-doped ZnSe:Cr2+ ,” Electron. Mater., vol. 28, no. 6, pp. 678–682, 1999. [19] A. V. Podlipensky, V. G. Shcherbitsky, and N. V. Kuleshov et al., “Efficient laser operation and continuous-wave diode pumping of Cr2+ :ZnSe single crystals,” Appl. Phys. B, vol. 72, pp. 253–255, 2001. [20] I. T. Sorokina, E. Sorokin, A. D. Lieto, M. Tonelli, R. H. Page, and K. I. Schaffers, “Efficient broadly tunable continuous-wave Cr2+ :ZnSe laser,” J. Opt. Soc. Am. B, vol. 18, no. 7, pp. 926–930, 2001. [21] C.-H. Su, S. Feth, and M. P. Volz et al., “Vapor growth and characterization of Cr-doped ZnSe crystals,” J. Crystal Growth, vol. 207, pp. 35–42, 1999.



830



IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 13, NO. 3, MAY/JUNE 2007



[22] V. E. Kisel, V. G. Shcherbitsky, and N. V. Kuleshov et al., “Spectral kinetic properties and lasing chracteristics of diode-pumped Cr2+ :ZnSe single crystals,” Opt. Spectrosc., vol. 99, no. 4, pp. 663–667, 2005. [23] A. Burger, K. Chattopadhyay, and J. O. Ndap et al., “Preparation conditions of chromium doped ZnSe and their infrared luminescence properties,” J. Crystal Growth, vol. 225, pp. 249–256, 2001. [24] K. Graham, V. V. Fedorov, and S. B. Mirov et al., “Pulsed mid-IR Cr2+ :ZnS and Cr2+ :ZnSe lasers pumped by Raman-shifted Q-switched neodymium lasers,” Quantum Electron., vol. 34, no. 1, pp. 8–14, 2004. [25] U. H¨ommerich, I. K. Jones, E. E. Nyein, and S. B. Trivedi, “Comparison of the optical properties of diffusion-doped polycrystalline Cr:ZnSe and Cr:CdTe windows,” J. Crystal Growth, vol. 287, pp. 450–453, 2006. [26] V. V. Fedorov, S. B. Mirov, and A. Gallian et al., “3-77-5.05-µm tunable solid-state lasers based on Fe2+ -doped znse crystals operating at low and room temperatures,” IEEE J. Quantum Electron., vol. 42, no. 9, pp. 907– 917, Sep. 2006. [27] M. Stalder, M. Bass, and B. H. T. Chai, “Thermal quencing of fluoresence in chromium-doped fluoride laser crystals,” J. Opt. Soc. Am. B, vol. 9, no. 12, pp. 2271–2273, 1992. [28] A. Sennaroglu, “Continuous-wave thermal loading in saturable absorbers: Theory and experiment,” Appl. Opt., vol. 36, no. 36, pp. 9528–9535, 1997. [29] A. Sennaroglu, “Analysis and optimization of lifetime thermal loading in continuous-wave Cr4+ -doped solid-state lasers,” J. Opt. Soc. Am. B, vol. 18, no. 11, pp. 1578–1586, 2001. [30] K. L. Schepler, R. D. Peterson, P. A. Berry, and J. B. McKay, “Thermal effects in Cr2+ :ZnSe thin disk lasers,” IEEE J. Sel. Topics Quantum Electron, vol. 11, no. 3, pp. 713–720, May/Jun. 2005.



Alphan Sennaroglu (S’91–M’95–SM’03) received the B.S., M.S., and Ph.D. degrees in electrical engineering from Cornell University, Ithaca, NY, in 1988, 1990, and 1994, respectively. He established the Laser Research Laboratory after joining Koc¸ University, Istanbul, Turkey, in 1994, where he is currently a Professor in the Department of Physics. From 2002 to 2003, he was a Visiting Researcher at the Massachusetts Institute of Technology, Cambridge. His research interests include solid state lasers, ultrafast optics, spectroscopy of novel laser and amplifier media, and nonlinear optics. Prof. Sennaroglu is an associate member of the Turkish Academy of Sciences, and a member of the Optical Society of America, the International Society for Optical Engineering, the Optics Committee of Turkey, the Tau Beta Pi, and the Eta Kappa Nu. In 1999, he founded the Leos Turkish Chapter of the IEEE Lasers and Electro-Optics Society and was the Chapter President between 1999 and 2003. He received the 2002 ICTP/ICO Award, the 2001 Werner-von-Siemens Award (Koc¸ University), the 2001 TUBA Young Scientist Award, the 1998 Tubitak Young Scientist Award, Sage Graduate Fellowship (Cornell University) in 1989–1990, the Sibley Prize of Electrical Engineering (Cornell University) in 1988, and the Amideast undergraduate scholarship from 1984 to 1988. He was the Program Chair for the Solid State Lasers and Amplifiers Conference in 2004 and 2006 during the Photonics Europe meeting in Strasbourg, France.



Umit Demirbas received the B.S. degree in physics and electrical engineering and the M.S. degree in materials science and engineering from Koc¸ University, Istanbul, Turkey, in 2004 and 2006, respectively. He is currently working toward the Ph.D. degree from the Department of Electrical Engineering and Computer Science, Massachusetts Institute of Technology, Cambridge. His research interests include femtosecond pulse generation, investigation of ultrafast phenomena, and development of solid state lasers and amplifier media. Mr. Demirbas is a student member of the Optics Committee of Turkey, the Optical Society of America, and the International Society for Optical Engineering.



Adnan Kurt received the B.S. degree in electrical engineering and the M.S. degree in physics from Bo˘gazic¸i University, Istanbul, Turkey in 1984 and 1987, respectively. From 1985 to 1990, he was a Research Assistant in the Departments of Physics and Psychology at Bo˘gazic¸i University, where he worked on laser speckle, pulsed gas laser design, neurocomputing, and animal learning. From 1990 to 1995, he was with the research group at the Center for Electroneurophysiology, Istanbul University Medical School, Istanbul. He was with Mitra, Inc. and Teknofil Ltd., carrying out business in printing, imaging, electrophotography, and instrumentation control. In 1999, he joined the Department of Physics, Koc¸ University, Istanbul, Turkey, as a Research Engineer. His current research interests include solid state laser design, optical and electronic instrumentation, and laser spectroscopy.



Mehmet Somer received the Diploma and Ph.D. degree in chemistry from Technical University (TU), Clausthal, Germany, in 1974 and 1979, respectively. From 1988 to 1998, he was with the Solid State Physics and Chemistry Department, Max Planck Institute, Stuttgart, Germany. In 1994, he completed his Habilitation at TU Clausthal and received the title of “Privat Dozent.” Since 1998, he has been a Professor of chemistry at Koc¸ University, Istanbul, Turkey. His current research interests include ternary nitridoborates, cluster compounds, nanoscaled oxides, and hydrogen storage materials.



























[image: LASERS & HOLOGRAPHY.pdf]
LASERS & HOLOGRAPHY.pdf












[image: LASERS & HOLOGRAPHY.pdf]
LASERS & HOLOGRAPHY.pdf












[image: lasers and holography.pdf]
lasers and holography.pdf












[image: Continuous-wave broadly tunable Cr :ZnSe laser ...]
Continuous-wave broadly tunable Cr :ZnSe laser ...












[image: Emission characteristics of random lasers]
Emission characteristics of random lasers












[image: Defect-free ZnSe nanowire and nanoneedle ...]
Defect-free ZnSe nanowire and nanoneedle ...












[image: Emission characteristics of random lasers]
Emission characteristics of random lasers












[image: Intracavity-pumped Cr2+:ZnSe laser with ultrabroad ...]
Intracavity-pumped Cr2+:ZnSe laser with ultrabroad ...












[image: understanding lasers an entry level guide 3th edition]
understanding lasers an entry level guide 3th edition












[image: pdf-1442\tunable-lasers-handbook-optics-and-photonics-from ...]
pdf-1442\tunable-lasers-handbook-optics-and-photonics-from ...












[image: Navy Lasers, Railgun, and Hypervelocity Projectile - USNI News]
Navy Lasers, Railgun, and Hypervelocity Projectile - USNI News












[image: Phase Waves in Mode-Locked Superfluorescent Lasers]
Phase Waves in Mode-Locked Superfluorescent Lasers















ZnSe Lasers






and a commercial CW thulium-doped fiber laser at 1800 nm ... the Cr2+:ZnSe crystal was end-pumped by a Tm-fiber laser at 1800 nm (see ... The free-running ..... was the Program Chair for the Solid State Lasers and Amplifiers Conference in. 






 Download PDF 



















 322KB Sizes
 2 Downloads
 208 Views








 Report























Recommend Documents







[image: alt]





LASERS & HOLOGRAPHY.pdf 

Whoops! There was a problem loading more pages. Whoops! There was a problem previewing this document. Retrying... Download. Connect more apps... Try one of the apps below to open or edit this item. LASERS & HOLOGRAPHY.pdf. LASERS & HOLOGRAPHY.pdf. Op














[image: alt]





LASERS & HOLOGRAPHY.pdf 

Whoops! There was a problem loading more pages. Retrying... LASERS & HOLOGRAPHY.pdf. LASERS & HOLOGRAPHY.pdf. Open. Extract. Open with. Sign In.














[image: alt]





lasers and holography.pdf 

light takes place as it propagates through the. medium. For laser radiation also, this divergence. takes place as it propagates through the medium. The laser light ...














[image: alt]





Continuous-wave broadly tunable Cr :ZnSe laser ... 

sample obtained from Spectragen, Inc. It was clamped inside a copper ..... [17] A.D. Lieto, M. Tonelli, Opt. Laser Eng. 39 (2001) 305. [18] V.I. Kozlovsky, Y.V. ... 27 (2002) 909. [27] I.S. Moskalev, V.V. Fedorov, S.B. Mirov, Opt. Express 12 (2004).














[image: alt]





Emission characteristics of random lasers 

A resonator with an amplifying medium embedded ... an individual spectrum with the ensemble-averaged spectrum that carries the signature of the gain profile.














[image: alt]





Defect-free ZnSe nanowire and nanoneedle ... 

(Received 13 April 2008; accepted 27 August 2008; published online 7 October 2008). We report the ..... 84, 3304 (2004); B. A. Wein- stein, T. M. Ritter, D.














[image: alt]





Emission characteristics of random lasers 

This claim was experimentally verified in a dye-scatterer ... spectrum with the ensemble-averaged spectrum that carries the signature of the gain profile.














[image: alt]





Intracavity-pumped Cr2+:ZnSe laser with ultrabroad ... 

can be obtained in different spectral regions. Ex- amples of such gain media with wide tuning capabil- ity at room temperature include Ti+3:Al2O3. (660â€“1180 ...














[image: alt]





understanding lasers an entry level guide 3th edition 

Before using this unit, we are encourages you to read this user guide in order ... you have gotten your nifty new product, the understanding lasers an entry level ...














[image: alt]





pdf-1442\tunable-lasers-handbook-optics-and-photonics-from ... 

appropriate tunable laser for their particular applications. Page 3 of 6. pdf-1442\tunable-lasers-handbook-optics-and-photonics-from-academic-press.pdf.














[image: alt]





Navy Lasers, Railgun, and Hypervelocity Projectile - USNI News 

Oct 21, 2016 - multiple U.S. military services. Although the Navy ...... â€œ(D) (i) In the case of any supplies and associated support services that, as determined in.














[image: alt]





Phase Waves in Mode-Locked Superfluorescent Lasers 

Feb 3, 1997 - The results show that observed macroscopic broadband amplitude noise on the laser pulse ... and an inversion recovery time shorter than the cav- ity period, creates a ... the MSL is the presence of a distinct phase transition in.


























×
Report ZnSe Lasers





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Sign In






Email




Password







 Remember Password 
Forgot Password?




Sign In



















Information

	About Us
	Privacy Policy
	Terms and Service
	Copyright
	Contact Us





Follow us

	

 Facebook


	

 Twitter


	

 Google Plus







Newsletter























Copyright © 2024 P.PDFKUL.COM. All rights reserved.
















