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Control of the bipolarization emission of an Yb:YAG laser by the orientation of the pump polarization

We show that the polarized pumping can be used to control the relative powers of two linear, orthogonally polarized, eigenstates in a Yb:YAG laser. The experimental observations are in full agreement with a two-mode rateequation model, highlighting the roles of both the gain anisotropy and the cross-saturation parameters, whose values are found to be ε = 0.08 and β = 0.64, respectively, in a longitudinally pumped contiuous-wave microchip laser. The application to dual-polarization frequency combs is discussed. © 2023 Optica Publishing Group Since their first demonstrations more than thirty years ago [1,2], ytterbium lasers have become ubiquitous in research and technology. Trivalent ytterbium ions in solid-state media provide high quantum efficiency, long fluorescence lifetime, broad absorption and emission ranges. Ytterbium lasers are notably used for ultrashort pulse generation [3], and have recently been shown to provide novel polarization-multiplexed sources for dual-comb spectroscopy [4,5]. Indeed, when isotropic crystal hosts such as YAG or CaF 2 are used, the generation of two orthogonally polarized eigenstates with different repetition rates is possible. In these examples however, simultaneous oscillation of the two polarizations is obtained at the expense of additional beam displacers in the cavity, in order to avoid cross-saturation effects in the active medium or in the absorber.

While polarization cross-saturation effects have been scarcely studied in ytterbium lasers, it has long been reported in Nd:YAG lasers. In particular the influence of the pump polarization orientation has been experimentally observed [6][7][8] and theoretically described [9]. Except for the peculiar cases where all anisotropies are rigorously compensated [10], Nd:YAG lasers usually oscillate on two linear orthogonally polarized modes which directions are defined by residual, or voluntarily inserted [11][12][13], anisotropies. Numerous experiments have shown that the power balance between the two competing polarizations can be controlled by the orientation of the pump polarization, to the advantage of the mode parallel to the pump [6,7,9,[14][15][16][17][18][19][20]. The cross-saturation parameter plays an important role since the pump-induced gain anisotropy may lead to the complete suppression of one polarization to the benefit of the other. Similar behaviors and analyses emerge in fiber lasers, where the pump orientation also provides an efficient gain anisotropy [21][22][23][24].

This raises the question of controlling the dual-polarization oscillation in ytterbium lasers by means of the pump polar-ization orientation. Indeed, investigating the pump-induced anisotropy and cross-saturation effects could help in designing dual-frequency ytterbium lasers for microwave photonics, or dual-comb sources without beam displacers, for instance. In the lone study reported so far about polarization eigenstates in Yb:YAG lasers, Dong et al. showed experimentally that in an isotropic microchip configuration, the laser polarization also tends to follow the pump [25]. In that study however, simultaneous dual-polarization emission was not clearly evidenced.

In this Letter, we aim to show that the pump polarization provides an efficient gain anisotropy in an Yb:YAG laser, emphasizing the role of the cross-saturation parameter. We wish to compare experimental results obtained with a simple, compact, plano-plano cavity, with a two-mode rate equation model. The model is based on previous literature [22,[26][27][28][29], but we aim here to derive pump-dependent stationary solutions with minimal relevant parameters, that are the pump-induced anisotropy parameter and the cross-saturation parameter. The laser used is shown in Fig. 1. The active medium is a 2 mm-thick, <111>-cut, 5% at.-doped, Yb:YAG crystal placed between two plane mirrors M 1 and M 2 . The pump mirror M 1 is dichroic (high-reflection at 1030 nm, high-transmission at 940 nm), and output mirror M 2 has a reflectivity of 99% at 1030 nm. The active medium is anti-reflection coated. It is pumped at 940 nm by a continuous-wave Ti:Al 2 O 3 laser, which is focused to a spot radius of 17 µm in the active medium. The pump polarization is linear and its orientation is controlled by a half-wave plate. The threshold is reached for a pump power of 80 mW and the laser emits 120 mW at 1030 nm in a TEM 00 mode for an incident pump power of 1.5 W. A polarizer is inserted before the detection instruments: powermeter, optical spectrum analyser (OSA), Fabry-Perot interferometer (FPI), photodiode. In order to investigate precisely the polarizations and frequencies of the laser, we analyze the optical spectrum while rotating the polarizer. Although the total spectral envelope contains about a dozen modes evenly-spaced by a free-spectral range of 39 GHz, the polarization-resolved spectra shows two combs of 6 to 8 linear orthogonally-polarized modes (see Fig. 2(a)). These two combs, labelled x and y in the following, overlap partially in the central part of the spectrum. Their spectral separation cannot been seen at this scale with the OSA, but the FPI permits to show that the two combs are actually shifted by about 100 MHz (see ∆ν XY in Fig. 2(b)). Note that this small shift reflects the residual birefringence inside the laser, of the order of ∆n = 5 × 10 -7 , and we verified that it depends on the pump power -as a result of thermo-optic effects. In addition, we checked that the directions are not affected by the pump polarization. Indeed, by rotating the half-wave plate of the pump, we observe variations in the intensities of the two polarizations, but their directions and y stay fixed by the residual birefringence of the laser crystal. We will hence consider hereafter that we have two linear "super modes" X and Y oscillating in the laser, each consisting in the superposition of a few longitudinal modes. To model this laser with a minimal number of parameters, let us consider a system of two super-modes characterized by their intensities I x,y interacting with two population inversion reservoirs n x,y . Transverse and longitudinal dependencies are neglected (mean-field approximation), as well as phase relationships between modes. It yields four rate-equations [22,[26][27][28][29] governing the evolutions of I x,y and n x,y :

dI x dt = κ n x + βn y I x -Γ x I x , (1) 
dI y dt = κ n y + βn x I y -Γ y I y , (2) 
dn x dt = γ ∥ P x -γ ∥ + ζ I x + βI y n x , (3) 
dn y dt = γ ∥ P y -γ ∥ + ζ I y + βI x n y , (4) 
where Γ x and Γ y are the intensity loss coefficients. γ ∥ is the decay rate of the population inversion, κ and ζ are constant atom-field coupling parameters proportional to the emission cross-section, P x,y are the pumping parameters on the x, y polarization states and β is the cross-saturation coefficient coupling the two modes.

The gain anisotropy induced by the pumping orientation can take different forms [14,19,20,23,28]. Following [28], we take

P x,y = P 1 ± ε cos 2α p , ( 5 
)
where P is half the total population inversion, ε is the pumpinduced gain anisotropy parameter, and α p is the angle of the pump polarization with respect to x. The physical picture can be understood as a preferential pumping of ions located in the crystal sites where dipoles are parallel to the pump; consequently stimulated emission also comes preferentially from those sites. Using the set of eqs. ( 1) to (4) with Eq. ( 5), let us now describe the intensities with respect to the pump polarization angle, emphasizing the roles of β and ε. We calculate the stationary solutions of the four coupled equations, making the assumption that the losses on the two polarization states are equal in this microchip configuration, i.e., Γ x = Γ y = Γ. We introduce normalized expressions for the intensities Îx,y = ζ I x,y /γ ∥ , and we write the excitation degree η = P/P th where the threshold population inversion is P th = Γ/κ. In this study we focus on the solutions where both eigenstates oscillate simultaneously, i.e., modal intensities are non-zero ( Îx ̸ = 0, Îy ̸ = 0). Stationary solutions are then found to be

Îx,y = η 1 ± ε 1 + β 1 -β cos 2α p - 1 1 + β . ( 6 
)
It is interesting to note that Îx,y (α p ) depend on two parameters only: the cross-saturation coefficient β and the pump anisotropy parameter ε, α p and η being experimental variables. For the sake of analysis, we define as in [20] a contrast parameter which is r = Îy (0)/ Îx (0). In order to see how the relevant parameters of the model affect the intensities of the two modes Îx,y , we calculate Eq. ( 6) for different values of ε and β and plot the stationary Îx,y (α p ) as shown in Fig. 3. We observed that the contrast between the two polarization intensities increases when either the pump anisotropy coefficient ε or the cross-saturation parameter β increases. Of course, at low values of η one can find situations where only one mode oscillates, even in our case of equal losses, because of the gain competition described by the β parameter. Besides, it is interesting to note that the parameters β and ε can be determined from experimental measures, as is now detailed.

β can be extracted from the measurement of both the relaxation oscillation frequency ( f R ) and the antiphase frequency ( f L ) corresponding to the energy exchange between the two polarizations states [22,26] of the laser. By using an electrical spectrum analyzer, we measure the two frequencies f L and f R in the intensity noise spectrum, as shown in Fig. 4 (both polarizations show the same spectrum). The value of β is then deduced through the equation β =

1 -h 1 + h where h = f L / f R .
We find β = 0.64 ± 0.02. Note that the ratio h can also be related Fig. 4. Antiphase and relaxation frequencies with respect to the input pump power. Points: experimental measurements of f L and f R . Solid lines: fits using standard formulas [22].

to a Lamb-type coupling constant C = 1 -h 2 1 + h 2 2
[30] governing the simultaneity/bistability regimes. Here C = 0.87 ± 0.02. This value of C is quite close to 1, close to bistability conditions, meaning that losses must be well balanced inside such a laser in order to keep the simultaneity regime. Now, to find out the value of ε, we manipulate Eq. ( 6) to find

ε = h (1 + β) η -1 (1 + β) η r -1 r + 1 , (7) 
showing that ε can be determined from the ratio of the experimental powers obtained at α p = 0, once η and β are known.

Note that at high pumping rate we have simply ε = h r -1 r + 1 . Fig. 5 shows the experimental results of the polarization-resolved powers (associated to x and y combs). When rotating the half-wave plate, hence the pump polarization orientation, we find the periodic energy exchange between the two eigenstates. Fig. 5(a) is plotted when η = 2.7, while Fig. 5(b) is plotted when η = 18. In both cases we note an important gain dichroism induced by the polarized pump; for example when η = 2.7 the power ratio is of the order of 10 at α p = 0 or α p = 180 • . In our case, in agreement with the fact that our cavity has no loss dichroism, the polarization balance is obtained for α p ≡ 45 • (mod 90 • ). Moreover, we observe that the power ratio tends towards a constant value when we move away from the threshold (r = 2.3 for α p = 0). In all cases, the total power remains almost constant. Using these results, we deduce from Eq. ( 7) the value of ε = 0.08. Taking the measured values of our parameters, β = 0.64 and ε = 0.08, we now compare the model with the experimental results (see the solid lines in Fig. 5). One can notice the very good agreement obtained between the model and the experimental observations for different values of η. The model follows perfectly the evolution of the contrast with respect to the excitation degree.

In order to extend these observations to other laser architecture, we have first pumped the same Yb:YAG microchip laser with a multimode fiber-coupled laser diode. Two lenses are used, one for collimating the fiber output, and another one for focusing inside the active medium. By inserting a polarizer and a half-wave plate between these two lenses, we checked the dependence of x and y intensities versus the pump polarization angle. The results are shown in Fig. 6 for η = 3, where the simulation curves are obtained with the same parameter values as before, i.e., β = 0.64 and ε = 0.08. Secondly, we have also studied an extended-cavity architecture, using the same input mirror and active medium, but with a 50 mm radius of curvature concave mirror placed about 45 mm away from the active medium. In that case again, the eigenstates are linear and orthogonal, and their directions are governed by intracavity anisotropies. All the observations are well-reproduced, showing the ability of the pump polarization to control the power balance between the polarizations in an Yb:YAG laser. In conclusion, we have shown that the orientation of the pump polarization is an effective tool for controlling the relative powers in bipolarized ytterbium lasers. We have also found values for important parameters that are the cross-saturation and pump anisotropy parameters. Since both parameters are related, at the microscopic level, to the local symmetry of Yb 3+ ions in the YAG matrix crystal, it would hence be interesting to extend this work to other matrices, such as CaF 2 for instance, or to other crystal orientations in the line of previous work on Nd:YAG lasers [29]. This work can also be extended to dual-polarized short pulse laser architectures [13]. The gain anisotropy induced by the pump orientation could leverage eventual loss anisotropies in more complex cavities used for short pulse generation, in order to optimize the simultaneous oscillation of dual combs in ytterbium lasers.
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 1 Fig. 1. Illustration of the Yb:YAG laser experimental setup. Laser cavity eigenaxes are labelled x and y. Pump polarization plane is at an angle α p with respect to x. M 1 , M 2 : plane cavity mirrors.

Fig. 2 .

 2 Fig. 2. Polarization-resolved optical spectrum observed with: (a) An optical spectrum analyzer, showing two combs associated with x (red) and y (green) eigenstates; (b) Fabry-Perot scanning interferometer (FPI) revealing the small detuning due to the residual birefringence of the laser. FSR: Free Spectral Range of the FPI.
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 3 Fig. 3. Theoretical intensities Îx (α p ) (in red) and Îy (α p ) (in green) at η = 2.7 for different values of ε and β.
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 5 Fig. 5. Powers I x (in red) and I y (in green). The points (resp. solid curves) represent the experimental (resp. theoretical) results. (a) η = 2.7 and (b) η = 18.
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 6 Fig. 6. Powers I x (in red) and I y (in green) of the diodepumped Yb:YAG laser. The points (resp. solid curves) represent the experimental (resp. theoretical) results for η = 3.
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