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Acousto-optic deflectors allow the creation of multiple 
optical traps by time-sharing, that is, by rapidly cycling 
the laser focus between designated spatial locations. The 
traps thus formed are not permanent. Here, we 
successfully demonstrate the creation of multiple and 
permanent traps by means of acousto-optic deflectors 
driven by specially encoded RF signals. The generation of 
complex acoustic signals allows us to treat such devices 
as super-fast spatial light modulators. Using this 
technique, it is possible to generate several static optical 
trap arrays and switch them at kilohertz (kHz) rates, 
allowing independent control of each trap group. 
Additionally, we discuss the compatibility of this method 
with precise force and position measurements and the 
improvement in their frequency bandwidth compared to 
time-sharing optical tweezers, especially when many 
objects are trapped. 
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Many experiments require manipulation of objects with multiple optical traps, together with the measurement of their positions or the forces exerted on them. For example, this is the case when we wish to: measure forces at different adhesion sites [1], study multi-particle interactions in colloidal science [2], hold pairs of DNA strands [3], measure forces exerted by the growth cones of differentiating neurons [4], or more generally, grasp large samples or those with complex geometries, such as red blood cells [5], from several sides in order to measure their mechanical properties [6]. The use of spatial light modulators (SLMs) to shape the incoming beam for the dynamic generation of arbitrary light patterns, is a common way to obtain multiple optical traps in so-called holographic optical tweezers (HOTs) [7]. However, the incompatibility of HOTs with laser-based force detection methods that offer high spatial and temporal resolution [8], such as back-focal-plane interferometry (BFPI) [9], has so far limited their applications in precise quantitative experiments. In HOTs, the individual traps become indistinguishable, since the light scattered by all the particles merges into a single intensity pattern at the 

back focal plane (BFP) of the collection lens. Although there are ways to discriminate the contribution from several traps compatible with high-bandwidth measurements, by polarization [10] or by spatial filtering [11], these are restricted to particular experimental configurations. As an alternative, video tracking [12], has been used to monitor the displacement of the sample, at the cost of reduced temporal resolution. High-speed cameras can reach frame rates of a few kilohertz, compared to the hundreds of kilohertz of quadrant photodiodes. Additionally, camera-based detection systems are dependent on an off-line calibration and they need to process large data streams. However, they allow the parallelization of experiments, being able to simultaneously measure at many positions. Another approach is to share a single laser between optical traps by quickly changing the angular deflection of the beam by means of acousto-optic deflectors (AODs) [13]. In this way, the information of each trapped object becomes temporally distinguishable at the BFP when there is proper synchronization [14]. This compatibility with laser detection methods has made this the preferred technique for accurate position and stiffness calibration at multiple sites in the sample plane. Compared to SLMs, AODs are extremely fast devices (modulation rates in the hundreds of kHz range) which allow feedback control and real time manipulation. However, traps are not permanent and while the laser is off, the particle diffuses away from the trap location. This ultimately limits the accuracy to which the particle can be positioned, or its position measured.  Fluctuations in position or trap stiffness can be significant, especially in single-molecule experiments [15]. Even though hundreds of time-multiplexed optical traps have been generated with rapid AODs [16], there is considerable limitation on the number of traps when measuring with laser-based detection methods and accuracy is a concern [17]. Additionally, since the laser is visiting one trap each time, the effective sampling frequency of each of the N trapped objects is reduced by a factor of 
N,  which leads to aliasing effects in the power spectrum and a loss of information at high frequencies [18]. Therefore, the sampling rate of the detector should be increased as the number of time-



shared traps increases. This quickly becomes limited by the finite sensor bandwidth, especially at IR wavelengths.  To overcome this issue, since many experiments do not require simultaneous measurements in all the traps, we propose an alternative method where holographic traps could be created for manipulation, while multiplexing of the laser would allow selective, accurate detection at defined locations.  This idea of time-multiplexing different trap configurations has already been implemented using a combination of two devices, for example, galvanometric mirrors and SLMs. However, it has only been used to increase the field-of-view of a single SLM [19], or with SLMs and AODs [20, 21] to correct for aberration in a multiplexed array of optical traps. Here, we propose an approach that does not need separate deflection and modulation devices. We show that the same pair of AODs can be used to generate, and multiplex, permanent trap arrays. Commonly, when using AODs, a high-power sinusoidal radio frequency (RF) signal drives a piezoelectric actuator within the AOD device creating a traveling sound wave that modulates the crystal refractive index. Once the laser propagates through this periodic index modulation, an initial diffracted order appears at an angle that is proportional to the frequency of the signal.  Considered carefully, this is not too different from the way certain SLMs modulate the amplitude or phase of the laser wavefront. That is also achieved by inducing changes in the refractive index of the material filling the pixels of the device. If, instead of introducing the pure sinusoidal signal that produces a deflection, we compute and encode the amplitude and phase information of a desired diffractive optical element (DOE) within a more complex RF signal, then the AOD cell would diffract the light just as a physical diffraction pattern would [22-24]. We call this approach acousto-holographic optical tweezers (AHOTs). It allows the generation of permanent holographic traps, but also changes of the desired configuration at super-fast rates: much higher than the typical refreshing times of SLMs (hundreds of Hz at the most). Additionally, it permits the simultaneous modulation of the wavefront amplitude, which current SLMs do not. Acousto-optic holograms that spatially modulate the amplitude and phase of a passing beam of light can be synthesized by driving the AOD cell with a modulated sinusoidal signal of the form: ( ) = ( ) (2 + ( )) (1) with time-varying amplitude A(t) and phase modulation ϕ(t). The frequency fC is the central driving frequency of the AOD, around which the diffraction efficiency is optimal. The spatial index perturbation (diffraction grating) along the acoustic path n(x,t) takes a similar form to that of the driving signal, albeit with a material-specific factor, γ [22]: ( , ) = + + + + (2)where  ( + / ) = 2 + /  (3)and v is the acoustic speed of the moving grating in the x-direction. A collimated light beam of wavelength λ crossing an AOD of thickness d experiences a spatial phase modulation due to the optical path differences induced by the index variation. When the beam, G(x,t), is incident perpendicular to the direction of the acoustic propagation, x, the modulated beam, M(x,t), can be written as: 

( , ) = ( , ) 2 ( , )
 (4)The AODs used in this work operate within the Bragg regime, which means that most of the energy is concentrated in the first diffraction order. This allows us to simplify Eq. 4 utilizing the Jacobi-Anger identity, by splitting the exponential term into the different diffraction orders [22]. By neglecting all but the first, we obtain: ( , ) ≈ ( , ) + · 

( + ) ( + )  (5) 
That is to say, the amplitude and phase modulation of the beam are equal to the amplitude and phase modulation of the electronic driving signal. Therefore, arbitrary amplitude and phase holograms can be displayed on the AOD by controlling the complex modulation of the AOD driving signal as we now explain (Fig. 1). For optical tweezers applications, the intensity distributions are typically sparse, consisting of discrete focused spots arranged in different configurations, such as forming a 2D array.  

 Fig. 1. (a) Flux diagram of the custom algorithm to calculate the complex RF signal. (b) (Left) Evolution of the efficiency optimization process when implementing the Gerchberg-Saxton algorithm. (Right) efficiency as a function of the number of traps when efficiency optimization is not applied. All efficiency values are referenced to a pure sinusoid (75%)  The procedure for generating the trap configurations is as follows: first the intensity pattern is decomposed into two 1D digital vectors of N elements whose product reproduces the desired intensity distribution (a requirement we discuss below). Then, since both AOD planes are conjugated to the back aperture of the microscope objective, an Inverse Discrete Fourier Transform is performed to calculate the required hologram. To encode these complex values into the RF signal, the laser beam size is divided 



into the same number of segments or pixels, N, which is only limited by the sample rate of the arbitrary waveform generator (AWG) (much larger than the number of traps). The segments consist of a pure sinusoid of the same RF frequency (the AOD central frequency), but whose amplitude and phase are those calculated for the hologram pixels. Note that the AOD cell is capable of both amplitude and phase modulation [25]. However, since the diffraction efficiency of AODs is proportional to the RF signal average power, the Gerchberg-Saxton (GS) iterative algorithm is used to obtain an almost phase-only hologram with very small amplitude variations [26]. Alternatively, the RF signal can be calculated using the fact that AODs satisfy the superposition principle (intermodulation effects are negligible). Considering that each desired focus position corresponds to a fixed frequency, the complex RF signal is simply the sum of sinusoidal functions, each with its own frequency [22-24]. This second way of encoding information does not show sudden phase and amplitude jumps due to pixel discretization (see Fig. 1(a)), which means there are no replicas at the boundaries of the field of view. On the other hand, the degrees of freedom of this method are less than those of the GS algorithm and the obtained experimental efficiency was lower.  However, we used a relatively simple algorithm that is open to improvement.    Unfortunately, we have encountered two important difficulties that do not arise with traditional SLMs. A 2D AOD is formed of two separate 1D deflectors placed orthogonally, one after the other. Thus, the driving signals can encode 2N values instead of NxN, and this restriction limits the modulation configurations to those that are mathematically separable in x and y. Therefore, the intensity distribution at the sample plane, i.e., the desired trap configuration, 
I(x,y), needs to be expressed in terms of two functions f(x) and g(y) such that I(x,y)=f(x)·g(y) (first step in Fig. 1). If we require a more general light field, I(x,y) should be decomposed as an incoherent superposition of products of separable functions fi(x) and gi(y), which would then be displayed and integrated over time at the cost of reconstruction speed.  Any function can be synthesized by means of separable functions through singular value decomposition [27]. However, for simplicity, here we focus only on trap configurations that are separable. In addition, AHOTs do not permit 3D manipulation, as the information is encoded in a traveling sound wave. AODs only produce a stable intensity pattern at a Fourier conjugate, since the motion of the hologram appears as a pure phase term due to the shifting property of Fourier transforms [22].  Different combinations of trap configurations were created in a custom optical tweezer setup, built on an inverted Nikon TE-2000E microscope, as illustrated in Fig. 2. The trapping laser (λ = 1064 nm, IPG YLM-5-1064-LP) is sent directly through two dichroic mirrors (M1 and M2) to the entrance window of two 1D AODs. Only the first diffracted order of each deflector is selected, in such a way that the beam leaving the y-AOD enters the x-AOD by means of a telecentric relay (lenses L1 and L2, 1x magnification), which conjugates both devices. The diffracted order is then expanded through another 4f system (lenses L3 and L4, 1.6x magnification), in order to fit the entrance pupil of the microscope objective (MO), which additionally properly conjugate the deflection plane of each AOD with the entrance pupil, avoiding beam vignetting. The laser beam then enters the microscope through the epi-fluorescence port and a dichroic mirror (DM) reflects it up towards a water immersion microscope objective 

(Nikon Plan Apo 60x, NA 1.2), which focuses the laser beam on the sample, creating the desired optical trap patterns in the focal plane. Complex RF signals were synthesized, amplified and sent to the AODs using an AWG (Rigol DG5102) and properly dimensioned RF amplifiers (MiniCircuits).  

 Fig. 2. Experimental setup for the generation of acousto-holographic optical traps, combined with a momentum-change-based direct force measurement system.  In order to dynamically change the intensity patterns, different holograms were stored into the AWG internal memory, and then streamed sequentially at the desired rate, maximum at 100 KHz. The resulting trap patterns were of high quality. When a phase-only SLM is used, ghost traps may appear due to the restricted modulation capacity. We attribute such high reconstruction quality to the ability of AODs to also modulate the amplitude. Additionally, all traps were simultaneously present, which can be deduced from the existence of interference fringes at the BFP of the condenser lens. To confirm the capacity of AHOTs to address single object information, we performed a drag force experiment. Two sets of optical traps were generated: one formed by two traps separated 20 µm in the x-direction, and the other by four traps placed at the corners of a 20 x 20 µm square (Fig. 3(a)). The experiment consisted of trapping several combinations of 1.17 and 3 µm polystyrene micro-beads, while a measuring a controlled external force generated by the movement of a piezoelectric stage (Piezosystem Jena, TRITOR 102 SG).  The total lateral force exerted by the whole set of holographic traps was determined without a specific calibration, by quantifying changes in the beam’s linear momentum. Such changes can be precisely measured at the BFP of the condenser lens by capturing the forward-scattered light coming from the traps. Variations in the transverse linear momentum can then be related to the changes in the centroid of the intensity distribution and measured by a calibrated position-sensitive detector (PSD) [6, 28, 29].  The force measurement system (Impetux Optics, LUNAM T-40i) must be synchronized with the AWG, considering also the transition time between holograms. In doing so, two clearly different force signals are obtained, one for each group of traps. Since the traps within each group are permanent, the instrument collected light scattered by all the microspheres, and the corresponding force was the sum of all the individual elements [6]. Fig. 3(a) shows the different force signals obtained from a drag force measurement. The stage trajectory was driven by a 



triangular voltage signal, which made the piezostage move back and forth at a constant speed, applying two predefined force values of opposite sign to the trapped beads. The two sets of traps were time shared at 15 kHz, so each trap configuration was sampled at 7.5 kHz. Using a pure time-sharing approach would reduce the sampling frequency to 2.5 kHz, resulting in a loss of high-frequency information. Different combinations of micro-beads of two different sizes were analyzed in Fig. 3(b), including cases where one or both trap groups were empty, for which no force was measured. All values fell within ± 7% of the theoretical value, which was calculated from the Stoke’s law and the experimental parameters: particle size, the buffer viscosity and the velocity of the piezoelectric stage. Hydrodynamic interaction with the coverslip and neighbor microbeads was neglected. These results confirm that configurations of permanent traps can be time-shared at very high rates while simultaneous measuring external forces acting on them.  

 Fig. 3. (a) (Left) Force signals corresponding to each trap group generated with the AODs. Negative values correspond to the stage traveling in the opposite direction. The theoretical force given by Stokes' law is displayed in gray (±7%). (Right) Schematic representation of the trap configurations; the two trap groups were separated 30 µm in order to avoid hydrodynamic interaction between them. (b) Snapshot of the 6 trapped microspheres, indicating the two different trap groups. (c) Comparison of measured and applied force for all drag force measurements. The shaded area corresponds to +/- 5% error.  To conclude, we have demonstrated how a single pair of AODs acting as an SLM can simultaneously exploit both the manipulation capabilities of holographic optical tweezers and the compatibility of time-sharing techniques with laser-based, high-quality position or force measurement methods. Therefore, AHOTs allow us to 

perform complex experiments in which probing position or force is required at specific sites, even in the presence of other trapped samples or for large/irregular objects that need to be grasped from different points in order to control their position or orientation. AHOTs can be created in a regular setup just by driving the AODs with an AWG, adding this new trap generation capability to the regular time-sharing mode, the user being able to choose the method that best suits the conditions of the experiment.  
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