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Abstract

:

The work is aimed at the investigation of the influence of nonlinear active ions concentration profiles in Yb:YAG laser elements on temperature distribution and wavefront distortions during amplification using sub-kilowatt level diode pumping. A mathematical model is presented for the theoretical study of the amplification process in crystals with cubic crystal system. A detailed comparison of Yb:YAG active elements with the same thickness and absorbed pumping power, but with various concentration profiles of Yb3+, ions is carried out. It is shown that the use of active elements with an increasing dopant concentration in the pump beam direction allows one to optimize the temperature profile inside the active element and, thus, reduce the thermal-induced wavefront distortions of the amplified radiation. Modeling is carried out for the experimentally grown crystal with linear concentration gradient profile. It is shown that the linear doping profile with a gradient of 0.65 at.%/mm allows increasing the small-signal gain up to 10% and decreasing the thermal-induced wavefront distortions by ~15%.
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1. Introduction


The development of high-intensity laser systems has made it possible to carry out fundamental interdisciplinary research based on the nonlinear interaction of radiation with matter, including such directions as the generation of high-order harmonics [1] and attosecond pulses [2], laser acceleration of charged particles [3], and others [4,5,6,7]. Contemporary research in the area of laser technologies is aimed at achieving the high pulse repetition rate required for many applications [8] and at increasing the amplification efficiency in laser amplifiers. Thus, there is a need to create a new element base for high-power laser systems. In particular, one of the important directions of research is the development of active elements with a smoothly varying concentration of dopant ions.



The main motivation for the development of new types of active elements is the optimization of the temperature profile in the active element, which affects both the gain efficiency and the wavefront distortions that occur in the amplified radiation. Wavefront distortions fundamentally limit the energy density in active elements and the minimum achievable diameter of the amplified radiation profile, which reduces the peak power and intensity [9]. For example, to achieve a 90% efficiency of coherent field combining, the distortion of each field must be less than 1/20 of the wavelength [10]. At present, to solve the problem of a substantially inhomogeneous temperature profile in an active element in high-power laser systems, composite elements consisting of undoped and doped with active ions parts are used. The application of such active elements allows reducing the temperature gradient and increasing the gain coefficient. Such elements are made of crystals [11,12,13] or ceramics [14].



In conventional active elements with constant doping level, pump radiation is absorbed with exponential decay, which leads to a significant heating of the active element at the pump beam entrance face. This negative effect can be compensated by increasing the concentration of dopant ions along the direction of pump propagation in the active element. As an example, in the case of a ceramic active element, it was shown that when using an active element with several segments with different doping concentrations, a kilowatt-level power can be achieved [15]. However, when ceramics are used, the adding of layers with different doping concentrations can lead to an increase in defects in the active element, which, in turn, leads to a deterioration in the efficiency of generation [16].



Crystalline active elements do not have this drawback. At present, multi-segmented crystalline rods with various concentrations of segments doping with Nd3+ ions are widely used [17,18,19,20,21]. In active elements with nonconstant doping, the maximum temperature is lower and the temperature distribution is more uniform than in elements with constant doping. Thus, in such active elements, the mechanical stress induced by the inhomogeneous heating of the active elements is reduced [17,18]. Moreover, experimental studies show that the application of multi-segmented active elements makes it possible to reduce the thermal lens power [18,19]. It is also possible to use active elements consisting of several spatially separated slabs with different doping. This design has been applied in several 100-J level systems [22,23]. The slabs are Yb:YAG ceramics cooled with helium gas.



A promising direction is the application of single-crystal active elements with a gradient profile of dopant ions. In particular, the increased efficiency of such active elements has been experimentally demonstrated for the case of doping with neodymium ions [24,25,26] and ytterbium ions [27]. As in the case of multi-segmented active elements, gradient doping makes it possible to reduce the temperature gradient in the active element [28], however, multiple interfaces on which optical losses can occur is absent. At present, the growth and application of active elements with gradient doping for high-intensity laser systems are not studied well enough as in growth technologies so in laser physics. Nevertheless, numerous works devoted to reducing the thermal load on active elements in various ways show the relevance of this direction of research.



Ytterbium-doped active elements are widely used in high-intensity laser systems with a high pulse repetition rate [12,22,23,29,30,31,32]. High quantum efficiency is an undoubted advantage of ytterbium-doped active media, which makes it possible to reduce the thermal load on active elements. Ytterbium ions are often used as a dopant for such a widespread host material as yttrium aluminum garnet. Garnet crystals form an extensive group of materials with high chemical and mechanical resistance, a wide transparency range, and the possibility of substituting cations to significant dopant concentrations without loss of crystal lattice stability. An important feature of garnets is the absence of anisotropy according to a cubic structure with Ia3d symmetry, and it significantly reduces the difficulties in growing single crystals of optical quality. At present, garnet crystals are widely used in photonics and laser technologies as matrix materials [33,34,35,36,37,38]. Garnets possess a cubic crystal structure, but they have a complex arrangement of different cations in the unit cell, and it opens a possibility for changing crystal properties via doping. The wide range of solid solution compositional variation enables the tuning and optimization of optical properties in relation to specific applications.



This work was devoted to studying the influence of active ion concentration nonlinear profiles in Yb:YAG laser elements on the temperature distribution and wavefront distortions of amplified radiation under diode pumping at a sub-kilowatt level. As a first step, a modelling study was implemented to see the general effects and to estimate the parameters of the optimal gradient distribution of Yb3+ ions along the direction of pump radiation. Perspectives of gradiently doped active elements for high-power amplifiers were demonstrated by the study. It was shown that there was a possibility to significantly optimize amplification process using an active element with nonconstant doping distribution. Then, the Yb:YAG crystal with changing Yb3+ concentration was grown based on the simulation results. For the grown crystal modeling of temperature distribution, gain and wavefront distortions in the active element, which can be made of the crystal, was carried out.




2. Model and Methods


A three-dimensional non-stationary mathematical model was developed to study the variations of the main physical parameters, as well as the characteristic times of phase and energy changes in radiation parameters occurring as the result of laser amplification process. The model accounts that parameters are distributed over the volume and are in general dependent on time:


  T = T   x , y , z , t   ;  n t  =  n t    x , y , z   ; n = n   x , y , z , t   ,  



(1)




where T—the active element temperature, K; nt—the concentration of activator ions, cm−3; n—the upper laser level population density, cm−3. The direction along z (longitudinal coordinate) coincides with the beam axis and is along thickness direction of active elements. The zero of the z-axis is at the incident face of the active mirror.



According to the available experimental data for Yb:YAG elements, in the temperature range of 80–300 K emission cross-section at the radiation wavelength (1030 nm) changes by a factor of ~10, the absorption cross-section at the pump wavelength changes by ~2 times, and the thermal conductivity changes by a factor of 5–10 times [39] depending on the degree of doping, the heat capacity is ~5 times [39]. Such changes in the parameters upon transition from cryogenic to room temperature make it necessary to take into account the active element temperature dependencies of the thermophysical and laser parameters. The heat equation thus contains variable coefficients:


  ρ  T  C  T    ∂ T   ∂ t   = ∇   Λ   T ,  n t    ∇ T   − η   ∂  I p    ∂ z   ,  



(2)




where ρ, C, and Λ—density, g/cm3, and heat capacity, J/(K·g), and the coefficient of thermal conductivity, W/(cm·K), of the medium, respectively; η—the fraction of absorbed pump radiation power converted to heat; Ip—the intensity of pumping radiation, W/cm2.



A feature of the model is taking into account the dependence of the thermal conductivity coefficient on temperature and the concentration of doping ions. Based on the analysis of published data [40,41], the dependence of the thermal conductivity coefficient was determined as the function of the temperature and the concentration of optical centers in the YAG:Yb crystal:


  Λ   T ,  n t    = A ⋅ T +   B −  n t  ⋅ D  T  +  E   T 2  ⋅   F + K ⋅  n t      ,  



(3)




where A, B, D, E, F, and K are constant approximation coefficients. The calculated thermal conductivity coefficient value error is less than 5% compared to published experimental data in the temperature range of 70–330 K.



In this study, a quasi-stationary thermal regime of active elements is considered. It should be mentioned that the quasi-stationary assumption is relevant for amplifiers operating in continuous wave or high pulse repetition rate modes. Despite the quasi-stationary assumption, it is necessary to use a time-dependent model to obtain stabilized temperature distribution.



The system of rate equations account the dependencies of the parameters on temperature:


           ∂   I p     ∂  z   = −  σ a   T       n t  − n   − n ⋅    f  12    T     f  01    T       I p           ∂  n    ∂  t   =  σ a   T       n t  − n   − n ⋅    f  12    T     f  01    T         I p    h  ν p    − n /  τ L        ,  



(4)




where σa—the absorption cross-section at the wavelength of pumping radiation, cm2; f12 and f01—Boltzmann occupation factors; νp—the frequency of pumping radiation, Hz; τL—the lifetime of the upper laser level, s.



The Equation (4) is solved jointly with the heat conduction Equation (2). The three-dimensional non-stationary heat conduction equation can be solved by the spatial splitting method on a non-uniform spatial grid. For the heat conduction equation in the simulation, the boundary conditions of the first type on the cooled surface and the second type on all other faces are set. Finally, the small-signal gain is calculated:


  g  T  =  σ L   T    n −    n t  − n   ⋅    f  01    T     f  12    T      ,  



(5)




where g—small-signal gain, cm−1; σL—the emission cross-section at the wavelength of amplified radiation, cm2.



Aside the small-signal gain, there is another important characteristic of the amplifier—the magnitude of wavefront distortions introduced into the amplified radiation [42]. Among the main sources of distortions, two main mechanisms can be distinguished: the first arises due to the presence of a temperature gradient in the active element, the second is due to the polarizability change of active ions excited by pump radiation with a nonuniform profile. Both mechanisms lead to a change in the optical path length of individual spatial radiation components in the active element and, as a consequence, to the appearance of an optical path difference between them. The temperature gradient leads to inhomogeneity of the refractive index and the appearance of mechanical stresses. The magnitude of optical path difference associated with the temperature gradient is determined by the relation [43]:


   φ  th      r , t    =       dn  0    dT   + 2 ⋅  n 0 3  ⋅  α T  ⋅  C r  +    n 0  − 1   ⋅   1  + υ    ⋅  α T    ⋅   ∫  0 L    T   z , r , t   −  T  b o u n d     d z ,  



(6)




where     d  n 0    d T     is the thermo-optical coefficient of a garnet crystal, K−1; n0 is the refractive index of the crystal before pumping is turned on; αT is the coefficient of thermal expansion; Cr is the photoelastic constant; υ is the Poisson’s ratio; Tbound is the temperature of the cooled face, K; L is the length of the active element, cm.



For a correct comparison of active elements of the same thickness with different doping profiles, it is necessary that the profiles under consideration satisfy the condition of equality of the absorbed pump power:


    ∫  0 L  α  z  d z = c o n s t ,  



(7)




where α(z) is the doping profile of the active element.



Concentration profiles with different growth rates were considered for modeling. The growth rate is limited by the following relation:


  0 ≤  d  d z   α  z  ≤  G  m a x   ,  



(8)




where Gmax is the maximum growth rate of the concentration of activator ions along the length of the crystal, at.%/mm. This relationship takes into account two considerations. Firstly, the concentration of activator ions should increase as pumping propagates in the active element. Secondly, the growth of crystals with a high concentration gradient of the activator imposes significant technological difficulties. In this work, the value of Gmax = 10 at.%/mm was taken as the maximum rate of increase in the concentration of Yb3+ ions.




3. Results


The model was verified by comparison with the experimental results obtained for a cryogenically cooled multidisk laser amplifier with uniformly doped active elements [11,44]. The two-cascade amplifier with a high-power diode pumping was a part of a scalable solid-state laser system targeted to produce pulses with subjoule energy and pulse repetition rate up to 1 kHz. The active elements of this amplifier were diffusion-bonded YAG–Yb:YAG active mirrors. The active mirrors were disk active elements with an antireflection coating on one face and a highly reflective coating on the other. The main advantage of using such elements was the efficient heat dissipation due to the use of the entire area of the highly reflective face as a heat sink.



In addition, when passing through the active mirror, the radiation made a double pass through the amplifying volume (Figure 1), simplifying the optical scheme of the amplifier and reducing its dimensions. Both the doped and undoped parts were disks of 25.4 mm in diameter, and were 3.75 and 2 mm thick, respectively. The active mirrors were cooled using closed-cycle pulse tubes cryocoolers. Such a cooling scheme provided a high operating temperature stability, but the specific feature of closed-loop cryocoolers was the strong nonlinear dependence of the heatsink temperature on the dissipated power. To suppress mechanical vibrations that were produced by operation of pulse tubes, dissected heatsinks with flexible thermal bridges were used [45]. There were eight active elements in the amplifier divided into two stages. The radiation to be amplified made two consecutive round-trips through the first and then through the second amplifier stage. The amplifier was pumped by eight quasi-continuous wave diode lasers with a maximum power of up to 200 W each, central wavelength of 936 nm, and a spectral width of ~10 nm. High average pump power and cryogenic cooling led to strong temperature gradients up to ~50 K/mm [44]. The experimental results and simulated data agreed well; therefore, the model was capable to account complex multielement cooling geometry and nonlinear temperature dependencies of participating parameters.



In this work, the simulation was carried out for gradient doped active mirrors. The following model profiles were chosen: constant, linearly increasing, exponentially increasing reaching a constant value, and hyperbolic (Figure 2). The choice of functions that describe the type of concentration profile was associated, on the one hand, with a qualitative difference between the types of functions, and on the other hand, with the technological possibilities for the growth of such elements. In particular, the hyperbolic profile was interesting because it ensured the uniform absorption of pump radiation and a uniform heat release along the axis of pump radiation [26], reducing element heating.



The coefficients of the functions shown in Figure 2 were chosen so the pump radiation absorption coefficient was ~90% of the incident power for all concentration profiles. It should be noted that a solution of the first equation in (4) included pump radiation reflected from the active mirror surface. Due to the limitation on the maximum value of the activator ion concentration gradient in the crystal, exponential and hyperbolic profiles were close to linear.



The following parameters of pump radiation were used in the simulation: a wavelength of 936 nm, a hyper-Gaussian spatial profile with a diameter of 2 mm (1/e2), and a pump radiation power of 200 W. The center of the profile of the pump radiation spot coincided with the geometric center of the crystal in a plane perpendicular to the longitudinal axis of the pump radiation beam. Figure 3 shows the calculated dependencies of the heating source volumetric power density along the pump radiation axis at the center of the active element:



All profiles with increasing concentration of active ions demonstrated a more uniform heat release with shift of the maximum position closer to the cooled surface and a decrease in the maximum value of the heating source power density by about 30%. The optimization of heat dissipation led to a decrease in the thermal load on the element, and it led to a decrease in the temperature maximum value and gradient. The dependencies of the temperature at the center of the active element on the coordinate along the pump radiation axis are shown in Figure 4.



The temperature distributions of different profiles do not differ that much as heating source volumetric power densities, but the change in the optical path length due to temperature changes for the Yb:YAG crystal was equal to ~16.4 nm/(K mm) [41]. The estimated variation in the optical path difference between the constant and hyperbolic profiles was correspondent to a value of about 100 nm (~0.1 wavelength). In addition, the distribution of the stored energy along the active element, which increased towards the cooled face (Figure 5), led to an increase in the gain.



The distributions of upper level population density were similar to that of the heating source volumetric power density, shifting of the maximum value closer to the cooled surface, thus increasing the gain further. The total gain was: for a constant profile—1.51; for a linear profile—1.64; for an exponential one—1.59; and for a hyperbolic one—1.65. Thus, the increase in the gain was also about 10%.



It followed from the simulation results that the best results, in terms of thermal characteristics and gain, were demonstrated by the hyperbolic profile. However, the difference in results between hyperbolic and linear profiles was relatively small and amounts to about 1%. The difference in small-signal gain in active elements with linear and hyperbolic profiles was estimated to be less than a percentage. It should be noted that the growth of an active element with a linear Yb3+ ions concentration profile seemed to be technologically much simpler than with a hyperbolic one.



Based on the simulation results, an Yb:Y3Al5O12 crystal was grown [46]. A method for obtaining gradient-activated garnet crystals was developed at Kuban State University [47]. The basis of the technology for obtaining single crystals with a nonlinear controlled distribution of impurity centers was the use of the Czochralski method with melt feeding. The grown crystal is shown in Figure 6.



The experimental stage of obtaining extreme gradients consisted of an inner crucible and an outer crucible. The inner crucible initially contained no Yb3+ ions. The concentration of Yb3+ ions was 10 mol.% in the outer one. There was a single short term injection of the melt from the outer crucible to the inner one. The specified diameter of the cylindrical part (“undoped” in Figure 6) was twice the diameter of the seed to mitigate high-speed injection of higher-temperature melt. During the injection, the temperature stabilization was not capable to maintain a constant diameter of the crystal. This was the reason of the presence of bubble defects inside the volume. As shown in Figure 6, the “seed” part was 5 mm wide, the “undoped” part was 7 mm in diameter and 15 mm long, and the “gradient” part was almost 10 mm wide and about 10 mm long. It followed from the spectral characteristics that the integrated absorption in the 850–1060 nm band was increased along the length of the crystal, and it clearly indicated the presence of a concentration gradient of Yb3+ optical centers. In Figure 7, the results of spectral-luminescent measurements were shown for the grown crystal gradient section.



As can be seen, despite the target gradient was of the order of 10% at.%/mm, a gradient ~1 at.%/mm was obtained in the experiment. However, 2 sections about 5 mm long could still be used for modeling (Figure 7): linear with a gradient of 0.65 at.%/mm, and an exponential one with a maximum gradient of 1 at.%/mm.



Modeling of the temperature distribution (Figure 8) in a crystal grown with varying concentration according to a linear law with a gradient of 0.65 at.%/mm was carried out in comparison with an Yb:YAG crystal with a fixed concentration of 1.65 at.%, determined from the condition of equal pump absorption in accordance with the formula (7). For the exponential profile, the equivalent value of the constant concentration was 2.1 at.%.



Under these conditions, a temperature difference of ~40 K was observed on the pumping front face in the crystals with constant and linear concentration profiles. As it was seen, the decrease in the maximum temperature value on the front face for the gradient-activated element occured due to the smooth displacement of the main part of the heating source deeper into the element, closer to the cooled surface. The temperature change was about 10% for both cases of exponential and linear profiles. The optical path difference was shorter by ~160 nm (9% shorter) for the exponential profile, and ~250 nm (15% shorter) for the linear profile, both in reference to the corresponding profiles with a constant concentration of active ions.



In Figure 9, the distribution is shown for the population of excited Yb3+ laser level over the crystal thickness along the pump axis.



The population dependence of the excited Yb3+ laser level on the coordinate had a qualitatively different form for the studied concentration profiles. The linear concentration profile was characterized by a total gain of 1.39, which significantly exceeded the corresponding value of 1.23 for a crystal with a constant activator concentration. For the exponential profile, the gain was 1.33, which also noticeably exceeded the value of 1.21 for a crystal without a gradient.




4. Conclusions


In this work, a detailed comparison was carried out for the disk active elements made of Yb:YAG crystals with the same thickness and absorbed pump power fraction, but with different Yb3+ ions concentration profiles along the longitudinal axis. Such profile functions as constant, linear, exponential and hyperbolic were considered in modelling. It was shown that the application of active elements with a concentration gradient of the activator ion in the direction of pump propagation made it possible to optimize the temperature distribution in the active element and, thus, reduce thermally induced wavefront distortions of the amplified radiation. It was shown that the profile given by the hyperbolic function was the most efficient of all the considered gradient profiles.



The presented mathematical model can be used for the theoretical study of the amplification process in different crystals with a cubic crystal system and the search for new promising gradient-doped laser media. It was also possible to calculate optimal gradient doping profiles in a plane perpendicular to the pump radiation axis. The transverse distribution of laser-active ions made it possible to optimize the temperature distributions in active elements cooled from the side faces. Such elements, for example, included rods with end diode pumping. The model can also be further developed to account for the amplified spontaneous emission effect, thickness changes, material anisotropy, heat-induced anisotropy and other effects that were needed to calculate gradient-doped crystals with different crystal systems and pump parameters.



The simulation was also carried out for an experimentally grown crystal with an Yb3+ ions concentration gradient. It was shown that the linear doping profile with a gradient of 0.65 at.%/mm made it possible to increase the gain by ~10%, while reducing temperature-induced wavefront distortions by up to ~15%.



Thus, the Yb3+ ions concentration gradient at the level of 1 at.%/mm opened a possibility to significantly optimize the amplification process in laser elements in the form of active mirrors. Such an optimization does not require significant redesign of the pumping, cooling systems of a laser system. Generally, an active element can be replaced to a gradiently doped one without any changes in a laser system. The development of crystal growth technology for obtaining concentration gradients of the order of 10 at.%/mm was an important condition for the further optimization of the active element doping profile in order to increase the achievable radiation power of laser systems based on Yb:YAG crystals, while maintaining the quality of the spatial radiation profile.
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Figure 1. Amplification layout in a gradient doped active mirror. 
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Figure 2. The dependencies of the Yb3+ ions concentration on the longitudinal coordinate for various functions of the doping profile. 
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Figure 3. The dependencies of the heating source volumetric power density along the pump radiation axis in the center of the active element. 






Figure 3. The dependencies of the heating source volumetric power density along the pump radiation axis in the center of the active element.



[image: Photonics 10 00849 g003]







[image: Photonics 10 00849 g004 550] 





Figure 4. Temperature distribution in the active element along the pump propagation axis for various concentration profiles. 
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Figure 5. The distribution of upper level population density along the pump radiation axis at the center of the active element. 
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Figure 6. The photograph of the grown Yb:YAG crystal. 
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Figure 7. Dependence of the Yb3+ ions concentration on the coordinate in the grown crystal. 
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Figure 8. Temperature distribution along the pumping axis for (A) exponential and (B) linear doping profiles of the grown crystal. 
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Figure 9. The dependency of the excited Yb3+ laser level density on the crystal coordinate for (A) exponential and (B) linear doping profiles of the grown crystal. 
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