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Abstract  
Thermal poling, a technique to create permanently effective second-order susceptibility in silica optical fibers, has a wide range of applications, such as frequency conversion, electro-optic modulation, switching and polarization-entangled photon pairs generation. After many works where a conventional configuration anode-cathode was used, in 2009 a new electrode configuration (double-anode) was adopted, which allows for a more temperature-stable depletion region formation and a higher value of effective Chi21, 2. In this work we demonstrate, via numerical simulations realized in COMSOL( Multiphysics, that in a double-anode configuration the effective value of Chi2 strongly depends on the relative position of the core with respect to the electrodes, requiring an accurate and precisely tailored geometry of the fiber, while in a single-anode configuration this value, for standard poling conditions1 is almost independent of the position of the core, offering the possibility of relaxing the manufacturing constraint of the fiber fabrication. We also demonstrate that, in the same experimental conditions, the maximum value of effective Chi2 induced by thermal poling in double-anode configuration is smaller than the one obtained in single-anode configuration for any position of the core in the range between the anodic surface and the geometric center of the fiber.

Finally, we report the experimental observation of depletion region formation in a twin-hole fused silica fiber poled in single-anode configuration. Using a QPM SHG experimental set-up, we demonstrate that the value of Chi2 obtained in the single anode configuration is at least as large as for the double anode one.

Keywords: Numerical modeling, thermal poling, nonlinear optics.
1. INTRODUCTION 
Thermal poling
Thermal poling, invented by Myers et al. in 1991, is one of the techniques capable to make a centrosymmetric material (which in dipole approximation lacks any second order nonlinear susceptibility) lose permanently its parity invariance3. The technique consists in the application of high (with respect to the atomic ones) electric fields throughout the medium (in this case a bulk piece of glass) while the material is heated up at a temperature where the impurity charges, present inside it with a certain density, possess a mobility high enough to start an electro-migration process which creates a space-charge region and consequently a frozen-in electric field which breaks the symmetry of the medium. This electric field allows for the creation of an effective second order nonlinear susceptibility 
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via a process of third order nonlinear optical rectification4, with 
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 the third order nonlinear susceptibility of the material the medium is made of and 
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 the electric field created into the medium via a process of charge separation and electro-migration in the externally applied electric field.  
After the work of Myers et al. the technique was transferred to optical fibers characterized by the presence of two holes located in the cladding region and running along the whole sample5. The electrodes were initially inserted into these two holes and a difference of potential was applied between them. This conventional electrostatic configuration of the poling process was later replaced by Margulis et al. in 2009 by a configuration defined as cathode-less, characterized by the fact that the two electrodes embedded into the two cladding holes are both contacted to the same anodic potential1. The advantages of poling an optical fiber via this new configuration are significant, such as for example the fact that a higher value of the 
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is created after poling the fiber and that the nonlinearity created is more stable in time and temperature with respect to the one created in conventional poling experiments.  
Early numerical models
After few experimental studies which revealed the fact that in thermal poling the process of space-charge region formation is more complex than expected because involves at least two types of impurity charges, namely one fast and one slow4 (characterized by a mobility of approximately 103 times smaller than the one of the slow charges), few theoretical works were published among which the most complete (even if unidimensional) is the one published by Kudlinski et al. in 2005. The model presented by Kudlinski et al. refers to the thermal poling of a bulk piece of glass sandwiched between two planar electrodes through which a difference of potential of few kV is applied (conventional configuration). The model includes electro-migration and diffusion of each type of impurities and consists basically of two main equations, namely the equation of continuity and Poisson’s equation6. In 2014 the first 2D numerical model for thermal poling was presented by Camara et al.. It is related to the cathodeless poling configuration of a twin-hole silica fiber already presented by Margulis et al. in 2009. The model allows for predicting the temporal evolution of the charge concentration inside the fiber characterized by the initial presence of two types of fast impurity charges (namely Na+ and Li+) and affected by an injection of a limited amount of a slow type of charges (H3O+), assumed to be equal to the sum of the densities of the two fast charges. The equation of continuity is6:
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where ci is the concentration, Di the diffusivity, zi the charge, μi the mobility of each ith species considered, F is the Faraday constant, V the electric potential and Ri the consumption or production rate of the ith species. The electric field and electric potential distribution are derived from Maxwell’s equations in the electrostatic regime. The boundary conditions consist in the assumption that: (1) before poling starts, the fiber is electrically neutral, i.e., the same combined concentration of cations and stationary anions are uniformly distributed in the fiber; (2) the potential at the surfaces of the holes is the applied voltage during poling and zero after the high-voltage is switched off; (3) the outer surface of the fiber is at zero volts; (4) cations exit the outer surface and do not return7. Typical initial carrier concentrations ci assumed in the simulations are: c(Na+) = 1 ppm uniformly distributed in the glass at t = 0 sec; c(Li+) = 1 ppm uniformly distributed in the glass at t = 0 sec; c(H3O+) = up to 2 ppm injectable from the holes, initially zero in the entire fiber and characterized by an injection whose variation in time is proportional to the electric field on the surface of the hole, as assumed in Kudlinski et al6:
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where σ2 is an adjustable parameter. The mobility of the cations, expressed in m2/Vs, is derived from the diffusivity

using the steady-state condition when the current is zero and the drift of carriers cancels diffusion, in which case 
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, where zi = 1, F = 9.65 × 104 C/mol and R = 8.31 J mol-1 K-1. The diffusion coefficients are calculated from the value for sodium DNa = D0(Na+)exp(-H/kBT), where the activation energy for sodium ions is assumed to be H = 1.237 eV. The mobility values in the simulations at 265 °C are 2·10−15 m2/Vs for sodium, 0.15·μNa for Li+ and μNa/1000 for H3O+. 
2. numerical model
Model adopted 

The model adopted in our work is similar to the one reported by Camara et al. in 20147, apart from the fact that the outer surface of the fiber is not assumed to be at zero potential (or “grounded”) while the fiber is located on top of a borosilicate microscope slide which allows for identifying straightforwardly a ground-plane whose position with respect to the fiber can be changed freely. Indeed a layer of Chromium/Gold can be deposited on the backplane of the microscope slide via an e-beam or thermal evaporation process and consequently contacted to the ground provided by the power supply. The presence of the tailorable ground-plane affects the dynamics of creation of the space-charge region and consequently the value of the effective second order susceptibility. As in Camara et al., two types of impurity charges have been considered in our model, namely the Na+ (fast and already present in the fiber) and the H3O+ (slow and injected into the fiber from the interface between each embedded electrode and the glass). The space-charge region is formed in consequence of the spatial evolution of these two types of charges due to the processes of electro-migration and diffusion.
Geometry of the model
In our work two electrical configurations (double anode and single anode) have been modeled numerically by means of the software COMSOL® Multiphysics. Fig. 1 reports the two different geometrical configurations, distinguished only by the fact that in the double anode one each electrode is embedded in each of the two cladding holes of the twin-hole fiber while in the single anode configuration only one electrode is present while the other cladding hole is assumed to be empty. The impurity charges can recombine at the interface between the empty cladding hole and the air in the same way it can occur at the interface between the outer surface of the cladding and the air. The whole setup (including the fiber and the microscope slide with the backplane grounded is assumed to be enclosed by an air box whose walls are also grounded to the same ground as the backplane). The ground-plane is assumed to be at a distance of 1 mm from the fiber. 
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Figure 1. Schematic of the twin-hole fiber’s geometry used in the numerical simulations, for double anode and single anode configuration. The electrode connected to the anodic potential of 5 kV is highlighted in blue. The ground-plane is assumed to be absent (only the walls of the air box (10 cm of side length) where the whole setup is located are grounded, that is connected to zero potential). The surface just under the fiber is the top surface of the microscope slide where the fiber is placed and is located at approximately 10 µm distance from the fiber itself to avoid COMSOL meshing issues.
3. RESULTS AND DISCUSSION
Temporal evolution of Na+ concentration for double-anode and single-anode configuration 

The temporal evolution of the concentration of the fast impurity charges has been studied for both configurations, namely double-anode and single-anode. In Fig. 2 three images related to the concentration calculated in three different times of the poling process have been reported for double-anode configuration, while the evolution of the same type of charges is reported in Fig. 3 for the single-anode one. As expected, the formation of the space-charge regions looks different in the two configurations, even if its presence indicates the creation of a frozen-in dc electric field which in turn results in a non-zero second order nonlinear susceptibility.  
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Figure 2. Temporal evolution of the concentration of the Na+ impurity charges for a thermal poling experiment in double-anode configuration. The impurities concentration has been initially assumed homogeneous, as can be seen from the first figure on the left.  
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Figure 3. Temporal evolution of the concentration of the Na+ impurity charges for a thermal poling experiment in single-anode configuration. The impurities concentration has been initially assumed homogeneous, as can be seen from the first figure on the left.  

Estimation of the value of
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 for both poling configurations 
As already reported in section (1.1), the creation of a second order nonlinear susceptibility in a fiber thermally poled is due to a third order nonlinear optical rectification process, which involves the formation of a static electric field frozen-into the glass. It is then possible to calculate the 
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temporal evolution in a particular point of the optical fiber from the value of the electric field in that point, which in turn depends on the impurity charges distribution, which evolves in time. In particular investigated the value of 
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calculated along a linear path (of 7.5 µm of length) between the embedded electrode located on the left and the center of the fiber. In this way we simulate the value of 
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in the core of the fiber, assuming that the core could be located in an off-centered position, as is typical in many cases (see for example the fiber used by Margulis et al. in reference1). Fig. 4 reports the temporal evolution of  
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calculated in seven different positions of the core, defined in µm from the center of the fiber, for both the case of double- and single-anode electric configurations.   
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Figure 4. Temporal evolution of the effective nonlinear susceptibility calculated by means of numerical simulations in seven positions between the center of the fiber and the interface air/cladding corresponding to the left-hand cladding hole of the fiber, where one of the electrodes is inserted during the poling experiment. The voltage applied to each electrode is 4.3 kV for both the electric configurations (double- and single-anode) while the duration of poling is 2 hours. The process of the cooling of the fiber is simulated via the assumption that after 7100 s the mobility of each impurity charges involved in the process goes to zero, while at 7200 s the electric potential applied to each electrode goes to zero. 
Comparison between the two poling configurations
The graphs in Fig. 4 allow for a comparison of the two electric configurations considered (namely double- and single-anode) in terms of the dependence of the 
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value calculated on the position along the path between the left electrode and the center of the fiber. The main aspect worth highlighting is the fact that while in double anode configuration the final value of second order susceptibility which can be obtained is strongly dependent on the position of the core and has its maximum value for a distance of ≈ 2 µm and ≈ 5 µm from the geometrical center of the fiber. In comparison, for the single-anode configuration, the final value of  
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does not depend significantly on the relative position of the core from the electrode. In Fig. 5 this behavior is more straightforwardly explained via a graph which shows the trend of the final 
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value with distance for both the situations. This behavior can be considered a significant advantage in terms of practical issues related to the process of drawing of optical fibers for thermal poling. In double anode configuration, the location of the core at a particular distance from one of the two cladding holes equipped with electrodes affects strongly the final value of the
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which then imposes strict requirements to the fiber fabrication process. In contrast, in a single-anode configuration the relative position of the core and the electrode can have a wide manufacturing tolerance. Furthermore even the absolute final value of
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 obtained in single-anode configuration (in the same experimental conditions) is higher (≈ 0.25 pm/V) than the one obtained in double-anode (≈ 0.2 pm/V). This is another significant advantage of the single-anode configuration with respect to the double-anode one. 
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Figure 4. Temporal evolution of the effective nonlinear susceptibility calculated by means of numerical simulations in seven positions between the center of the fiber and the interface air/cladding corresponding to the left-hand cladding hole of the fiber, where one of the electrodes is inserted during the poling experiment. The voltage applied to each electrode is 4.3 kV for both the electric configurations (double- and single-anode) while the duration of poling is 2 hours. The process of the cooling of the fiber is simulated via the assumption that after 7100 s the mobility of each impurity charges involved in the process goes to zero, while at 7200 s the electric potential applied to each electrode goes to zero. 

4. conclusions
In this work we present a quantitative comparison between two different electrode configurations of optical fiber thermal poling. The comparison is based on numerical simulations and highlights the noticeable dependence of the value of
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which can be obtained with respect to the position of the electrodes and fiber core in double-anode configuration. The fact that the single-anode configuration does not show this kind of dependence makes this more preferable because it allows for relaxing the constraint of the core’s position during the drawing process of the fiber. The higher absolute final value of the second order nonlinear susceptibility calculated in single-anode represents another significant advantage compared to the double-anode configuration.
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