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Abstract

:

We present analysis and numerical simulations of the acousto-optic spatial filter (AOSF) transfer function under the condition of dual-transducer operation and phase control. Based on these simulations, the AOSF crystal configuration is optimized for operation in the near-infrared wavelength region from 0.7 to 1.0  μ m. We demonstrate that ultrasonic phase control can provide efficient tuning of the transfer function, which is independent of conventional frequency control. Thus, the application of phase control coupled with frequency control can reduce the transfer function asymmetry that is inherent to anisotropic Bragg diffraction in uniaxial crystals.
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1. Introduction


The field of laser beam shaping (LBS) includes various methods for the transformation of the spatial profile of a single beam into a desired spatial distribution [1]. These methods can be grouped as passive and active ones. The former group includes transformations of the spatial distribution by means of refractive or diffractive optical elements: aspherical lenses, polarizers, metasurfaces, etc. The second group includes optical schemes based on programmable photonic elements: spatial light modulators (SLMs) including liquid-crystal, micro-electro-mechanical and acousto-optic (AO) devices. The scope of problems LBS can address includes both the static and dynamic generation of arbitrary spatial distributions.



LBS is one of the emerging applications of acousto-optic (AO) tunable filters (AOTFs) [2,3]. AOTFs directly filter the angular spectrum of laser beams, as first shown by Balakshy [4]. Based on special phase-matching conditions in birefringent crystals, acousto-optic spatial filters (AOSFs) can provide a variety of transfer functions [5,6,7,8,9]. There are several fundamental topologies of an AOSF’s transfer function, which are determined by the curvature tensor of the optical wave normal surface [10]. In particular, the annular topology of the transfer function is typical for noncollinear AOTFs in uniaxial birefringent crystals. This is the most common AOTF type, widely available and used in various hyperspectral imaging experiments [11,12]. Several previous applications of AO devices for optical image processing include image edge enhancement in coherent light [13,14,15,16,17,18,19,20] and phase imaging [21,22,23]. Novel designs of optical traps based on LBS by an AOSF have been recently demonstrated by Obydennov et al. [24,25]. These results include annular particle trapping [24] and multicolor bottle beam generation [25]. Apart from AOTFs, LBS can be obtained with the help of programmable acousto-optic modulators and deflectors. A number of AO systems have been proposed for the design of laser-based displays and image projectors [26,27,28,29]. Antonov et al. [30,31] studied multi-beam diffraction of a laser beam in a single Bragg cell both theoretically and experimentally and demonstrated precisely controllable splitting of a single beam into five output beams. Trypogeorgos et al. [32] demonstrated one-dimensional LBS with a deflector operating in a multifrequency regime. Szulzycki et al. [33,34] developed an AO lens and demonstrated its application for image edge enhancement. Karimi et al. [35] developed an AO light modulator having a cylindrical geometry of diffraction of light by low-frequency standing waves in water for the generation of dipole and quadrupole beams. Bola et al. [36] applied AO digital holography for creating a multi-spot optical trap with a two-dimensional configuration. This demonstrates a variety of AO techniques for LBS applications.



The operation principle of an AOSF is based on anisotropic diffraction in a birefringent crystal [37,38], and the transfer function is defined both by the bulk acoustic wave (BAW) propagation direction and the ultrasound frequency [39]. Yushkov et al. [9,10] demonstrated that under the noncritical phase matching (NPM) condition in a birefringent crystal, there are two stable transfer function configurations having X-type and O-type topologies. Both these configurations provide a wide acceptance angle of Bragg diffraction and are used in different AOTF designs: X-type topology takes place in collinear AOTFs and O-type topology takes place in noncollinear AOTFs. Intermediate points correspond to topological transitions and take place only in special directions of AO interactions in a crystal. The principal difference between AO SLMs and AOSFs is that the former use a spatially modulated ultrasound to create a digital hologram in the AO interaction region, while the latter directly modulate the angular spectrum of the laser beam. The maximum operation rate of an AOSF is limited by the acoustic wave transit time across the laser beam, which is typically on the order of a few microseconds [40]. Thus, AOSFs have a higher operation rate compared to large-aperture deflectors and SLMs that makes an advantage in real-time applications. Owing to fast tuning at typical rates above 100 kHz, AOSFs can dramatically extend the performance of dynamic LBS in a number of applications including microparticle manipulation and optical trapping of cold atom ensembles. In particular, they facilitate creating hollow-beam optical traps, which are characterized by reduced heating of the trapped object owing to lower light intensity [41].



One of the methods for increasing the performance of AO devices is application of phased-array piezoelectric transducers for the excitation of ultrasound accompanied by beam steering. Phased-array transducers have been used in AO devices for broadening the operation bandwidth of deflectors and AOTFs [42,43,44,45,46]. In addition, a multi-section piezoelectric transducer can be used for the apodization of acoustic fields and the improvement of the an AOTF’s transmission function [47,48,49]. The effect of a phased-array piezoelectric transducer consists in tilting the wavefront direction of ultrasound and, therefore, changing the Bragg phase-matching conditions between ultrasound and light. There are several techniques for the fabrication of phased-array piezoelectric transducers including the stair-step transducer, proposed by Korpel et al. [26]; the planar  π -step array, proposed by Alphonse [50]; and the transducer made of a periodically poled lithium niobate crystal, proposed by Molchanov [44]. If a transducer has several sequential sections emitting ultrasound with different delays, its radiation pattern depends on the ultrasound frequency. In particular, a dual-section piezoelectric transducer with two independent drivers can be used to tilt the effective bulk acoustic wave (BAW) direction in the crystal. The effective wavefront tilt is proportional to the phase delay between radio-frequency (RF) signals applied to the segments of the piezoelectric transducer. Though the effect of BAW beam steering has been known for decades and previously used in a number of AO devices including AOTFs, its application in AOSFs and its effect on the two-dimensional transfer function have not been studied to date.



In this work, we study the application of a phased-array piezoelectric transducer for tuning the two-dimensional transmission function of an AOSF with a noncollinear diffraction geometry. While the standard way to control the AOTF’s transfer function is frequency tuning, we propose using phase control and the BAW beam steering phenomenon to tune the AOSF. We present the results of a theoretical analysis and numerical simulations that enable the design of a new AOSF type. Acomplete analytical model for transfer function simulations is presented and numerical modeling according to this model is performed for an optimized AOSF configuration. The effects of the phase delay between two ultrasonic waves on transformations of the transfer function are described.




2. Theoretical Analysis


A schematic view of a dual-channel AOSF is shown in Figure 1. The piezoelectric transducer is bonded to an AO crystal and has two separate electrodes coated on it. Both electrodes of the piezoelectric transducer have the same length,    L t  / 2   (total effective length of the transducer is   L t  ). Owing to acoustic anisotropy, there is a walk-off angle  ψ  between the BAW wave vector and its group velocity vector that causes oblique propagation of the BAW beam. It is assumed that the RF signals applied to the transducer’s electrodes have the same frequency f and a relative phase delay   Δ ϕ  . The amplitudes of the RF signals and excited BAWs are equal. Anisotropic AO interaction changes the polarization of the diffracted laser beam from ordinary (o-wave) to extraordinary (e-wave).



The most common AO crystal for the design of AO filters through visible and near-infrared spectral regions is paratellurite (TeO2). This crystal features a low phase velocity of the slow-shear BAW in the vicinity of the   〈 110 〉   crystallographic axis,   v ∼ 700   m/s, and high birefringence,   Δ n /  n o  ≈ 0.07  . These two factors determine the high diffraction efficiency and good resolution of the filters. In the following numerical simulations in Section 3, we assume paratellurite as the AO crystal for the AOSF. Two main configuration parameters of the filter, which determine its performance, are the crystal cut angle   α 0   and the transducer length   L t   [39]. The first one determines primary parameters of the AO phase matching, i.e., the ultrasound frequency f and the Bragg angle. The second one affects the performance of key features of the filter, namely, its resolution and diffraction efficiency: both the efficiency and the resolution increase with   L t  . Optimization of the AOSF design is based on a trade-off between the efficiency and the resolution that determines the crystal cut angle   α 0   [2]. Another feature of paratellurite is strong anisotropy of the BAW properties [51,52]. For this reason, we include the BAW energy walk-off in the numerical simulation model.



For the analytical description of the AO diffraction we use plane-wave one-dimensional coupled-mode equations (CMEs) [53]. Rigorous CME solutions for a periodic acoustic field were previously analyzed by Antonov et al. [45] and by Balakshy et al. [54]. These results include a general-form matrix formalism for computing the performance of a Bragg cell with a multi-element transducer. Hereinafter, we analyze the diffraction of light by two ultrasound layers in an anisotropic crystal, because this configuration can provide efficient acoustic beam steering with a single dual-channel RF driver. Under a nondegenerate Bragg phase-matching condition, only two interacting waves are considered. The complex amplitudes of the diffraction orders are    C 0   ( z )    and    C 1   ( z )   , respectively. In a homogeneous interaction medium, these amplitudes satisfy Kogelnik’s differential equations [53]


       C 0 ′  =     −  q 2   C 1  exp  ( − i η z − i Φ )  ;        C 1 ′  =      q 2   C 0  exp  ( i η z + i Φ )  ,      



(1)




where q is the coupling coefficient that is proportional to the BAW amplitude,  η  is the phase mismatch, and  Φ  is the initial BAW phase. According to the phase-matching theory for anisotropic media developed by Parygin and Chirkov [38], Bragg diffraction is considered as a three-wave mixing process involving two optical waves and the acoustic wave in the crystal. The magnitude of the mismatch  η  is defined as the projection of the wave vector difference in the direction orthogonal to the BAW group velocity vector. The solution of Equation (1) with initial conditions    C 0   ( 0 )  = A   and    C 1   ( 0 )  = B   is


       C 0   ( z )  =     exp  −   i η z  2    A cos   z    q 2  +  η 2     2  +   i A η − q B exp ( − i Φ )     q 2  +  η 2     sin   z    q 2  +  η 2     2   ;        C 1   ( z )  =     exp    i η z  2    B cos   z    q 2  +  η 2     2  −   i B η − q A exp ( i Φ )     q 2  +  η 2     sin   z    q 2  +  η 2     2   ,      



(2)




where A and B are arbitrary complex amplitudes. According to Equation (2), the BAW phase  Φ  directly affects the complex amplitudes of both diffraction orders.



Figure 2 illustrates the plane-wave AO interaction model in the region   0 < z < L =  L t  cos ψ  , where  ψ  is the BAW walk-off angle in the AO crystal. The BAW group velocity vector is orthogonal to the z-axis. As the first step, we take the solution (2) at   z = L / 2   with initial conditions   A = 1   and   B = 0  , corresponding to only one incident wave:


       C 0   ( L / 2 )  =     exp  −   i η L  4    cos   L    q 2  +  η 2     4  +   i η     q 2  +  η 2     sin   L    q 2  +  η 2     4   ;        C 1   ( L / 2 )  =     exp    i η L  4     q exp ( i Φ )     q 2  +  η 2     sin   L    q 2  +  η 2     4  .      



(3)







This solution is considered as the initial conditions for the diffraction of light by the second BAW layer,   A =  C 0   ( L / 2 )    and   B =  C 1   ( L / 2 )   , which are substituted into Equation (2). The phase delay is set as


  Φ =   η L  2  + Δ ϕ ,  



(4)




where the first term is the phase delay owing to the mismatch and   Δ ϕ   is the preset delay between two BAW signals. The resulting solution for the first diffraction order at the output of two BAW layers is


   C 1   ( L )  = exp    i η L  2    q    q 2  +  η 2     sin   L    q 2  +  η 2     2  × D  ( Δ ϕ )  ,  



(5)




where the last factor   D ( Δ ϕ )   includes all terms depending on the phase delay:


  D  ( Δ ϕ )  = exp    i Δ ϕ  2    cos   Δ ϕ  2  −  η    q 2  +  η 2     sin   Δ ϕ  2  tan   L    q 2  +  η 2     4   .  



(6)







The case of a uniform transducer with an interaction length of L can be readily derived from Equations (5) and (6), assuming   Δ ϕ = 0  , that obviously results in   D = 1  .



Equation (6) shows that in the case of perfect phase matching (  η = 0  ), the coupling coefficient q is canceled in the r.h.s. Therefore, for a perfectly phase-matched plane optical wave, the phase delay   Δ ϕ   between two ultrasonic waves in the AO crystal results only in the decrease in the diffracted beam’s amplitude    C 1   ( L )   , which is proportional to   cos ( Δ ϕ / 2 )  .



Since an AO interaction is a linear optical phenomenon, plane-wave decomposition is applicable. Thus, the plane-wave components of the incident and the diffracted beams satisfy CMEs (1), with the phase mismatch  η  depending on the directional angles  θ  (Bragg angle) and  φ  (azimuthal angle). Thus, the field amplitude in the first diffraction order follows Equations (5) and (6). In addition, the phase-matching condition sets an unambiguous relation between the directional angles   ( θ , φ )   for the input beam and corresponding angles   (  θ d  ,  φ d  )   for the diffracted beam. This relation determines the geometric aberrations of the AOTF, which have been analyzed by Machikhin et al. [55]. In the following analysis, we assume that the input beam is an ordinary wave in a uniaxial crystal, and the diffracted beam is an extraordinary wave.



In the Fourier transform optical scheme proposed by Obydennov et al. for LBS applications [24], the AOSF is placed in the back focal plane of an objective lens. Therefore, the laser beam processed by the filter has a wide angular spectrum and the phase mismatch  η  cannot be canceled for all plane-wave components of the beam. Thus, the phase mismatch depends on the wave vector of the plane-wave components. As the result, the phase delay   Δ ϕ   between two BAWs will affect the diffraction efficiency of all angular spectrum components and, therefore, tune the two-dimensional transfer function of the filter.



The intensity transmission function at the first diffraction order is defined as    T 1  =   |  C 1   ( L )  /  C 0   ( 0 )  |  2  .   According to Equation (5) and assuming    C 0   ( 0 )  = 1  , it can be expressed as


      T 1   ( Q , H , Δ ϕ )  =   Q 2    Q 2  +  H 2     sin 2   π 2     Q 2  +  H 2    ×                                             cos   Δ ϕ  2  −  H    Q 2  +  H 2     sin   Δ ϕ  2  tan  π 4     Q 2  +  H 2     2  ,     



(7)




where   Q = q L / π   and   H = η L / π   are the normalized values of the coupling coefficient and the mismatch. Holding other factors constant, Q is proportional to the BAW amplitude. In the experiments on beam shaping, Q and   Δ ϕ   are the parameters of the RF signal, while H depends on the light propagation direction according to the phase-matching condition.



Figure 3 shows the evolution of    T 1   ( Q , H )    with the increase in the phase delay   Δ ϕ  . The first case is   Δ ϕ = 0  , Figure 3a, corresponding to a single transducer having the length of   L t  . The last case is   Δ ϕ = π  , Figure 3e, corresponding to counter-phase BAW excitation by the transducer’s segments. In this case, the amplitude of the first sidelobe becomes equal to the amplitude of the main maximum. Analysis of Equation (7) shows that at   Δ ϕ = ± π  , the maximum of    T 1  = 1   takes place at   H = ∓  2    and   Q =  2   . In between, the increase in the phase delay has two main effects. Firstly, the value of the mismatch H, at which the maximum of   T 1   takes place, is not zero, and its value is proportional to   Δ ϕ  . Secondly, the coupling coefficient Q, providing maximum diffraction efficiency, increases as well.



At perfect phase matching, i.e.,   H = 0   and   Δ ϕ = 0  , maximum diffraction efficiency    T 1  = 1   occurs when   Q = 1  . This case corresponds to Figure 3a. Figure 4 shows the calculated values of    T 1   ( 1 , H , Δ ϕ )   , panel (a), and    T 1   (  2  , H , Δ ϕ )   , panel (b). In both cases, an almost linear dependence   H ( Δ ϕ ) = − Δ ϕ / 2   maximizes   T 1   over either variable. More accurately, this dependence can be approximated as


   H  o p t    ( Δ ϕ )  ≈ − 0.5 Δ ϕ + 0.0038 Δ  ϕ 3  + 0.00011 Δ  ϕ 5  .  



(8)







With an increase in   Δ ϕ  , the maximum   T 1   at   Q = 1   slightly decreases, which can be compensated by increasing Q. In the case   Q =  2   , there is a strong overcoupling at   Δ ϕ = 0  , resulting in    T 1   (  2  , 0 , 0 )  ≈ 0.63  .



Figure 5 shows the calculated values of    T 1   ( Q , − Δ ϕ / 2 , Δ ϕ )   , i.e., under the assumption of a linear relation between   Δ ϕ   and H. As follows from this plot, in the whole phase delay range   − 1 < Δ ϕ / π < 1  , the diffraction efficiency can be above 0.99 if a proper value for the coupling coefficient   Q  o p t    is chosen. The optimal value of the coupling coefficient can be numerically approximated with a fourth-order polynomial as follows:


   Q  o p t    ( Δ ϕ )  ≈ 1 + 0.035 Δ  ϕ 2  + 0.00069 Δ  ϕ 4  .  



(9)







However, Equations (8) and (9) are not analytical expressions but only fits to the numerical simulation results. The maximum value   Q =  2    at   Δ ϕ = ± π   corresponds to twofold RF driving power compared to the optimal case   Q = 1   for a uniform transducer.



One can show that the maxima of the diffraction efficiency   T 1   are related to the radiation pattern of the phased-array piezoelectric transducer. Calculating the angular spectrum of the acoustic field shown in Figure 2, we derived that the angular position of the main lobe of the radiation pattern is tilted to


  Δ α =   0.75 v   π f  L t    Δ ϕ ,  



(10)




where v is the BAW phase velocity. In the case of the dual-segment transducer, the largest of the sidelobes corresponds to   Δ ϕ ± 2 π  , where the “+” sign is for   Δ ϕ < 0   and vice versa.



The following step of the simulation is to take into account the spatial structure of phase matching. The phase mismatch  η  has be calculated for a certain diffraction geometry and substituted into Equation (7). Under the condition of anisotropic Bragg diffraction in a uniaxial crystal, which is used in noncollinear AOTFs, it can be written as follows [2]:


     η  ( θ , φ )  =   2 π  λ  {  n e   ( sin θ sin ψ + cos θ cos φ cos ψ )  − F sin ψ −            (   −    n o 2  −   (  n e  sin θ − F )  2  −  n e 2   cos 2  θ +    n e   ( sin θ sin ψ + cos θ cos φ cos ψ )  − F sin ψ  2     ,     



(11)




where   F = f λ / v  ,   n o   is the ordinary refractive index of the AO crystal, and    n e  =  n e   ( θ , φ )    is the extraordinary refractive index in the direction of plane-wave propagation. To design an annular spatial frequency filter we choose the NPM diffraction geometry, i.e., the configuration of light and ultrasound propagation directions and frequencies corresponding to the local minimum of   η ( θ , φ )  . The transfer function of a noncollinear AOSF in this diffraction geometry has the O-type topology, and the radius of the phase-matching locus increases with the ultrasound frequency. Accurate analysis shows that the annular transfer function near the NPM diffraction geometry is slightly asymmetric, and the transfer function center shifts with the ultrasound frequency [2,3].



With respect to Equations (7) and (11), the resulting two-dimensional transfer function will be expressed as    T 1   ( θ , φ ; f , Q , Δ ϕ )   , where  θ  and  φ  are the plane-wave direction angles, while f, Q, and   Δ ϕ   are the problem parameters corresponding to the ultrasound frequency, normalized amplitude, and the phase delay between the transducer sections. These three parameters can be independently controlled in experiments to provide different transfer functions of the AOSF.




3. Results and Discussion


The analytical model developed in Section 2 was applied for numerical simulations of the dual-channel AOSF performance. The transfer function   T 1   in Equation (7) is defined in terms of dimensionless parameters. In order to perform the simulations, these parameters were evaluated with respect to a real-life AOSF specification. The coupling coefficient was set to   Q = 1  , and the phase mismatch was computed according to Equation (11).



The simulations were made for a paratellurite AOSF with a cut angle    α 0  = 12 .  45 ∘   , the transducer length was    L t  = 16   mm, and the optical wavelength   λ = 633   nm. The BAW parameters for this AOSF configuration are   v = 755   m/s and   ψ =  56 ∘   . The NPM frequency    f  n p m   = min f  ( θ )  = 153.4   MHz. According to Equation (10), the maximum deviation of the effective crystal cut angle is


  Δ  α  m a x   =   0.75 v    f  n p m    L t    = 0 .  013 ∘  .  



(12)







Figure 6 shows the transmission coefficient as a function of the Bragg angle   θ d   and ultrasound frequency f. The locus of perfect phase-matching points at   Δ ϕ = 0   is plotted as a dashed line. In panel (a), the dashed line coincides with the maximum    T 1  = 1  . The phase-matching frequency increases with   Δ ϕ   since the effective crystal cut angle   α =  α 0  + Δ α   increases linearly. At the same time, the first sidelobe’s magnitude increases when   | Δ ϕ | → π  . Symmetrical splitting of the Bragg curve takes place at   Δ ϕ = ± π  , that is shown in panel (e) and also corresponds to Figure 3e. In the simulated case with only two segments of the transducer used for steering the acoustic beam, the maximum gap between the phase-matching frequencies is 1.6 MHz.



The following transfer function simulations in Figure 7 and Figure 8 include two cases of the AOSF operational parameters choice. The coupling coefficient   Q = 1   is fixed in both cases and different ultrasound frequencies f determine the transfer function geometry. Thus, these cases demonstrate two qualitatively different behaviors of the transfer function, which can be achieved in the AOSF using acoustic beam steering.



The first case in Figure 7 was calculated for   f = 153.6   MHz. In this case, the NPM condition is satisfied for   α =  α 0  + Δ  α  m a x    . The initial annular transfer function is a hollow ring, panel (a), which shrinks into a solid disk with increasing   Δ ϕ  , panels (b)–(d). The transfer function at   Δ ϕ = ± π  , panel (e), is a flat-topped circular region surrounded by a ring. With further increase in the phase delay, the disk vanishes, and the radius of the surrounding ring decreases.



The second case in Figure 8 was calculated for   f = 154.0   MHz, which is above the NPM frequency for all effective wavefront directions. In this case, even at the maximum tilt of effective wavefronts, panel (e), both phase-matching regions remain rings, while a dark disk remains in the center of the transfer function. The evolution of the transfer function consists in decreasing of the ring radius and transmission coefficient with   Δ ϕ  . Simultaneously, the outer ring of the transfer function is developed, and the corresponding transmission coefficient for this ring increases.



Analyzing Figure 7 and Figure 8, we can observe two main effects of the phase control on the AO transfer function. The first effect dominates at small   Δ ϕ  : when   | Δ ϕ | < π / 2   the magnitude of the largest sidelobe is relatively small, and the phase shift results mainly in the variation of the phase matching ring radius (see panels (a), (b), and (h)). In the opposite case,   π / 2 ⩽ | Δ ϕ | < π  , the effect of the transfer function splitting is the main one (see panels (c)–(g)). Both effects can be purposefully used in AOSF applications. Fine-tuning of the ring radius achieved at small   Δ ϕ   has an advantage compared to conventional frequency control because the transfer function remains symmetric. Splitting of the transfer functions at larger   Δ ϕ   provides the same effect as multifrequency control of the AOSF.




4. Summary


Previous experiments with AOSF applications in optical trapping have demonstrated that dynamic reconfiguration of the filter’s annular transfer function can be used for effective microparticle manipulation [24]. In those experiments, the AOSF was controlled only by means of frequency tuning. The disadvantage of frequency-only AOSF tuning is the inherent asymmetry of the transfer function [2,3]. The phase control of the transfer function is based on effective acoustic wavefront tilt, which can compensate for this asymmetry of the transfer function. In this report, we demonstrated that tuning of the AOSF’s two-dimensional transfer function can be performed using the phase-only RF signal control in a dual-transducer configuration of the filter. The phase delay between the RF signals applied to the piezoelectric transducer’s sections changes the phase-matching conditions of anisotropic Bragg diffraction. Two basic operations with the transfer function that can be achieved using phase-only control are changing the radius of the AOSF’s annular transfer function and generating a pair of concentric rings separated by a dark region. The experimental validation of the simulation results presented in this paper will be a plot of future work.



The modification of the AOSF’s annular transfer function and the possibility of creating dual-ring bottle beams have direct potential applications to optical trapping and microparticle manipulation. Such laser beam configurations can be used in dark optical traps, a type of trap in which resonant particles are repulsed by the laser field and their trapping occurs in the regions with minimum light intensity [41]. With respect to new results in multicolor LBS performed by a single AOSF [25], we foresee further development of this technology for trapping of cold-atom ensembles. The capability dynamic tuning of light distribution by the AOSF at microsecond timescales opens the possibility for advanced experiments with reconfigurable optical traps.
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The following abbreviations are used in this manuscript:



	AO
	Acousto-optic



	AOSF
	Acousto-optic spatial filter



	AOTF
	Acousto-optic tunable filter



	BAW
	Bulk acoustic wave



	CME
	Coupled-mode equations



	LBS
	Laser beam shaping



	NPM
	Noncritical phase matching



	RF
	Radio-frequency



	SLM
	Spatial light modulator
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Figure 1. AOFS with a dual piezoelectric transducer: two RF signals are applied to the transducer’s electrodes. The laser beam is sequentially diffracted by two BAWs having a relative phase delay of   Δ ϕ  . 






Figure 1. AOFS with a dual piezoelectric transducer: two RF signals are applied to the transducer’s electrodes. The laser beam is sequentially diffracted by two BAWs having a relative phase delay of   Δ ϕ  .



[image: Photonics 10 01167 g001]







[image: Photonics 10 01167 g002] 





Figure 2. Schematic representation of uniform AO interaction region with two BAWs having the phase delay   Δ ϕ  . 
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Figure 3. Simulated function    T 1   ( Q , H , Δ ϕ )    at various phase delays: (a)   Δ ϕ = 0  ; (b)   Δ ϕ = π / 4  ; (c)   Δ ϕ = π / 2  ; (d)   Δ ϕ = 3 π / 4  ; and (e)   Δ ϕ = π  . Hereinafter, the contour plots use a linear gray level color scheme, with   T 1   ranging from 0 (black) to 1 (white). 
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Figure 4. First-order transmission    T 1   ( Q , H , Δ ϕ )    as a function of H and   Δ ϕ  : (a)   Q = 1  ; (b)   Q =  2   . The color scheme is the same as in Figure 3. Dashed line: linear slope   H = − Δ ϕ / 2  . 






Figure 4. First-order transmission    T 1   ( Q , H , Δ ϕ )    as a function of H and   Δ ϕ  : (a)   Q = 1  ; (b)   Q =  2   . The color scheme is the same as in Figure 3. Dashed line: linear slope   H = − Δ ϕ / 2  .



[image: Photonics 10 01167 g004]







[image: Photonics 10 01167 g005] 





Figure 5. First-order transmission at   H = − Δ ϕ / 2  . The color scheme is the same as in Figure 3. Dashed line: optimal coupling coefficient    Q  o p t    ( Δ ϕ )    maximizing   T 1  . 
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Figure 6. Simulated AOTF transmission    T 1   ( f ,  θ d  )    in the diffraction plane    φ d  = 0   at various phase delays. Top row: (a)   Δ ϕ = 0  ; (b)   Δ ϕ = π / 4  ; (c)   Δ ϕ = π / 2  ; and (d)   Δ ϕ = 3 π / 4  . Bottom row: (e)   Δ ϕ = − π  ; (f)   Δ ϕ = − 3 π / 4  ; (g)   Δ ϕ = − π / 2  ; and (h)   Δ ϕ = − π / 4  . The color scheme is the same as in Figure 3. Dashed line: the Bragg phase-matching dependence   f (  θ d  )   at   Δ ϕ = 0  . 
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Figure 7. Simulated AOTF two-dimensional transmission function at   f = 153.6   MHz at various phase delays. Top row: (a)   Δ ϕ = 0  ; (b)   Δ ϕ = π / 4  ; (c)   Δ ϕ = π / 2  ; and (d)   Δ ϕ = 3 π / 4  . Bottom row: (e)   Δ ϕ = − π  ; (f)   Δ ϕ = − 3 π / 4  ; (g)   Δ ϕ = − π / 2  ; and (h)   Δ ϕ = − π / 4  . The color scheme is the same as in Figure 3. 
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Figure 8. Simulated AOTF two-dimensional transmission function at   f = 154.0   MHz at various phase delays. Top row: (a)   Δ ϕ = 0  ; (b)   Δ ϕ = π / 4  ; (c)   Δ ϕ = π / 2  ; and (d)   Δ ϕ = 3 π / 4  . Bottom row: (e)   Δ ϕ = − π  ; (f)   Δ ϕ = − 3 π / 4  ; (g)   Δ ϕ = − π / 2  ; and (h)   Δ ϕ = − π / 4  . The color scheme is the same as in Figure 3. 
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