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Determination of thermal focal length and pumping radius in gain medium in laser-diode-pumped Nd:YVO4 lasers Feng Song,a) Chaobo Zhang, Xin Ding, Jingjun Xu, and Guangyin Zhang Photonics Center, College of Physics Sciences, Nankai University, Tianjin 300071, People’s Republic of China



Matthew Leigh and Nasser Peyghambarian Optical Science Center, University of Arizona, Tucson, Arizona 85721



共Received 28 May 2002; accepted for publication 17 July 2002兲 A method to determine the focal length of a thermal lens and pumping laser beam waist in the gain medium in laser-diode-pumped solid-state lasers is presented. This method, using resonator transform circle theory, is both simple and reliable. The measured focal length of the thermal lens is used to calculate the beam waist of pumping laser inside the gain medium. The effect of the thermal lens on the output power is also measured and analyzed. © 2002 American Institute of Physics. 关DOI: 10.1063/1.1506789兴



再 再



The laser-diode 共LD兲-pumped Nd:YVO4 laser is widely studied and used in many applications due to its compactness and efficiency. However, the strong thermal effect of the laser decreases the efficiency, the cavity stability, and the output beam quality. Innocenzi et al.,1 Cousins,2 and Neuenschwander et al.3 published theories that modeled the thermal lens in solid-state lasers. Ozygus and co-workers4,5 and J. Blows et al.6,7 measured the focal length of the thermal lens using several methods. However, it is more useful to know the pump beam radius inside the gain medium, although measuring this radius is difficult due to its small size and its location inside the medium. In this letter we put forward a simple method to measure the focal length of the thermal lens, thereby calculating the radius of the pumping source inside the laser medium. We also investigate the effect of the thermal lens on the output characteristics of the laser. According to the circle transform approach,8 –11 an optical resonator will allow the steady state when the wave fronts coincide with the radius of curvature of the end mirrors, M1 and M2 . The characteristics of the wave fronts at the end mirrors are denoted by the corresponding transform circles,  1 and  2 . In simple two flat mirror cavities with laser media, which we chose to measure the thermal lens, the wave front at mirror M1 will be a line coincidental with the surface, with an infinite radius of curvature 共see Fig. 1兲. Through the transformation action of the thermal lens in the laser crystal,  1 is transformed into a new circle,  ⬘1 . This circle intersects the optical axis at points S 1⬘ ␣ and S 1⬘ ␤ located distances s 1⬘ ␣ and s 1⬘ ␣ , respectively, from the thermal lens. We use capital S to denote the laser spots and small s for their lengths, with subscripts 1 and 2 denoting the transform circles and subscripts ␣ and ␤ distinguishing the intersection points. According to mode-image theory,8 –11 we have
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⇒s 1⬘ ␤ ⫽ f T ,



共2兲



where f T is the thermal focal length. This result means that the S 1⬘ ␣ spot is always at the point of intersection of the thermal lens and axis, while the S 1⬘ ␤ spot is at the thermal lens focus spot. The diameter for circle  ⬘1 is equal to f T . In order to keep the resonator stable, the  2 circle of mirror M2 should intersect with the  ⬘1 circle.8 –11 Suppose the points of intersection with the  ⬘1 circle are F 1a and F 1b , respectively. F 1 ␣ and F 1 ␤ are called lateral focus points and the length of line F 1 ␣ F 1 ␤ is 2b, which determines the waist of mirror M2 by the following formula: w 2 ⫽ 冑b/  .
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So, only if the distance between mirror M2 and the thermal lens 共i.e., the cavity length L 2 ) is shorter than f T , is the resonator stable and the lasing easily available. When the pump power is fixed, which also fixes f T and  1⬘ , we can move mirror M2 until  2 no longer intersects  1⬘ . This makes the cavity unstable and extinguishes the la-
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FIG. 1. Optical setup of the cavity with two flat mirrors and a transform circle of the M1 mirror. 2145
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FIG. 3. Thermal focal lengths at different pump powers. The dots are measurements by experiments while the curves are calculated by theory. FIG. 2. Relationship between the fundamental waist and pump power at different cavity lengths.



ser. At this point, the cavity length will be equal to f T . Using this method, we measured the thermal focal length at different pump powers. In practice, moving M2 alters not only the length of the cavity but often will also disrupt alignment, changing the output of the laser. To overcome alignment disruption we fixed the position of M2 and changed the pump power. The laser output is quenched when the cavity becomes unstable, which occurs when f T is reduced to the cavity length. We can use the measured focal length of the thermal lens to calculate the laser beam waist w 1 in laser media using the following formula deduced from mode-image theory: w 1 ⫽ 冑e/  ,
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where e⫽ 冑 f T2 L 2 / 共 L 2 ⫺ f T 兲 .
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Figure 2 shows the relationship between the waist of the fundamental laser mode and the pump power for different cavity lengths. With the measured focus length of the thermal lens, we calculated the pump waist in the laser medium by the formula,



 p ⫽ 冑 f T P ph 共 dn/dT 兲关 1⫺exp共 ⫺ ␣ p l 兲兴 / 共  K c 兲 ,



共5兲



which is transformed from Innocenzi et al.’s formula that had been thought to be correct in many papers:2– 8



 K c  2p 1 f T⫽ , P ph 共 dn/dT 兲 1⫺exp共 ⫺ ␣ p l 兲



共6兲



where K c is the heat conductivity,  p is the pump waist, dn/dT is the temperature dependent coefficient of the index of refraction, ␣ p is the absorption coefficient of the pump laser, and l is the length of the Nd:YVO4 crystal. P ph is the fraction of pump power that results in heating. Usually 30% of the pump power is changed to heat. For a 0.5 wt % doped Nd:YVO4 crystal, which was used in our experiments, K c ⫽0.054 W/cm K, dn/dT⫽(4.7⫾0.6)⫻10⫺6 /K, ␣p ⫺1 ⫽14.8 cm , and l⫽5 mm. The pumping source is an FAP-16 LD system made by Coherent Incorporation, the highest power of which is 16 W and central wavelength is 807.2 nm at 25 °C. It is focused to pump a Nd:YVO4 crystal (  3⫻5 mm3 ). The concentration of Nd3⫹ is 0.5 wt %. The crystal is mounted in a copper heat sink whose temperature is controlled with a thermal-electric



cooler. Both faces of the crystal were coated with 808 nm high transmission 共HT兲 coatings to maximize the pump light entering the laser medium. Additionally, one side was coated with a 1064 nm high reflection 共HR兲 coating to serve as a high-reflectivity mirror for the cavity. The transmission of the plane output coupler is 10%. We measured the focal lengths of the laser media in cavities of different lengths. Figure 3 shows the results. The dots are measured values, while the solid line is obtained by formula 共6兲. From Fig. 3, we infer that the measured results according to our idea agree well with Innocenzi et al.’s theory.1 The upper curve in Fig. 3 has an average radius of 603.42 m as calculated from Eq. 共6兲, with an average standard deviation of 9.97 m. For the lower curve, the average radius is 570.70 m, and the average standard deviation 7.89 m. From the small average deviation, we conclude that this is a good method by which to measure the pump radius inside laser gain media. When we measured the thermal focus length, we found an interesting phenomenon. The output power increases linearly with the pump power at first, then saturates. In the case of the long cavity, the output power will decrease to zero, whereas in the short cavity, the output decreases and then increases again. Figure 4 shows this relationship in cavities of different lengths. The output power of the laser is directly related to the gain and loss in the cavity. This allows us to analyze differences in power qualitatively. At first, the waist of the fundamental mode is large 共see Fig. 2兲 and the gain increases



FIG. 4. Relationship between the output power and pump power for different cavity lengths.
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quickly with the pump power, so that the output power increases linearly with the pump power. With the pump power increasing, the thermal focal length decreases, coupled with increasing cavity losses. This leads to saturation and sometimes even a decrease of the output power. With the thermal focal length shortened, the waist will increase and a higher order mode will oscillate, producing more output power. In conclusion, we put forward a simple method to measure the focal length of the thermal lens of a laser medium according to resonator transform circle theory. The experimental results agree well with the theory put forward before. Furthermore, the pump radius can be calculated by measuring focal lengths of the thermal lens. The dip in the curves of the pump and output power due to the effect of the thermal lens is also discussed.
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