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ABSTRACT 

The Tunable Acoustic Gradient Index of Refraction (TAG) lens is shown to be an alternative method of generating 
Bessel beam for optical manipulation.  The TAG lens exhibits a combination of tunability, optical throughput, and fast 
switching speed, overcoming many limitations linked with conventional Bessel beam techniques.  A refractive fluid is 
contained within a circular piezoelectric that is driven with an AC signal to establish a periodic index of refraction in the 
liquid.  Simple changes in amplitude or frequency of the driving signal allows for the rapid modification to the 
transmitted pattern.  The switching speed is characterized by the time to reach a steady state pattern, which is shown to 
depend primarily on the viscosity of the filling liquid.  Times between 300 and 2000 μs are obtained corresponding to 
fluids with viscosity of 640 cs and 0.65 cs respectively.   
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1. INTRODUCTION 
 Bessel beams have become popular for optical trapping and manipulation due to their ability to maintain a 
narrow beam width over large distances and to self-heal around obstacles.1-6 Conventionally, Bessel beams are created by 
illuminating an axicon with a Gaussian beam.3 The interference pattern caused by the conical surface of the lens 
generates a bright central spot surrounded by dimmer minor rings to form the Bessel pattern (Fig. 1).  Alternatively, 
Bessel beams can be generated using interference from an annular slit or phase front modulation in spatial light 
modulators (SLMs).  However each of these techniques has limitations including low power efficiency, low damage 
threshold, low switching speeds, or lack of tunablity.  The Tunable Acoustic Gradient Index of Refraction (TAG) lens 
can overcome many of the difficulties associated with traditional Bessel beam approaches by providing a tunable optic 
with high throughput and fast speed.7 
 
 

 
Figure 1. Ray trace diagram of an axicon. The arrows below are the incident laser rays, and the diamond interference pattern 

responsible for the Bessel beam is shown in bold. 
 

The TAG lens consists of a cavity formed by a circular piezoelectric and filled with a refractive liquid. The 
piezoelectric is driven at a specific frequency and amplitude to generate an acoustic wave in the liquid, thereby changing 
the liquid’s density and its index of refraction (Fig 2a). A Gaussian laser beam incident upon these fluctuations produces 
Bessel beams shown in Fig. 2b, which are similar to ones created by an axicon.  The central spot in Fig. 2b encircled 
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with a set of dimmer rings is analogous to the Bessel beam produced by an axicon.  In addition, this lens produces a 
multiscale Bessel pattern as shown by the bright major rings in the figure.  Each major ring plus the central spot has a 
high intensity gradient and can serve as an optical trap.  In this paper, we describe the TAG lens’s characteristics and 
focus on the ability to rapidly change patterns.  Using these patterns, polystyrene microbeads are trapped and 
manipulated.  

 

 
 

Figure 2. (a) illustrates the construction of the TAG lens.  (b) Major and minor rings of multiscale Bessel beam generated by TAG 
lens. The beam is imaged at a distance of 70cm behind the back of the lens. The TAG lens is driven at 257kHz.  

 
2. TAG LENS OPERATION 

The TAG lens provides a Bessel beam, but is not a fixed element like the axicon.  Varying the TAG lens’s 
driving frequency and amplitude is equivalent to changing the axicon’s cone angle.  This results in an alteration in the 
distance between rings, the number or rings, and the ring size.  The speed at which this can be accomplished is limited by 
the material properties of the filling liquid, in particular, the viscosity and the speed of sound.  This is in contrast to 
SLMs where the phase shift caused by individual pixels can be programmed by a computer in such a way to create a 
hologram. However, the SLMs are limited by their switching speed, which describes the time from which the image is 
first altered to when the pattern has reached a steady state. The refresh rate for SLMs are on the order of tens of hertz.8 
The TAG lens has a switching speed on the order of kilohertz, and so the TAG lens shows potential as an alternative to 
SLMs at higher frequencies.  

 
The underlying physical principle of TAG lens is an acoustic fluctuation generated by a piezoelectric 

actuator.7,9,10  The piezoelectric sends sound waves through the liquid thereby oscillating the density and thus its index of 
refraction. Assuming that the radial wall of the chamber vibrates cosinusoidally with the driving frequency, ω, the index 
of refraction is modeled as a linearized, inviscid, and cylindrically–symmetric solution shown as Eq. 1 below.7 

)t()
c

ωr
(J

A
nnn(r,t) ωsin

00
+= ,                                                                  (1) 

where n0 is the mean index of refraction of the material and c is the speed of sound. nA is typically on the order of 10-5 
and is dependent on many factors such as lens size, driving voltage amplitude, driving frequency, speed of sound, mean 
index, and mean density. Fig. 3 plots Eq. 1 as a function of the distance from the center of the lens.  A linear 
approximation of the index in Fig. 3 shows that each of its peaks resembles an axicon. Each peak is then capable of 
generating its own Bessel beam, which results in the minor rings that appear in Fig. 2b.   
 



 

 
Figure 3. Plot of index of refraction versus distance away from the center where n0 is the mean index of refraction of the silicone oil 

and r is the distance from the center.  
 

 Fig. 3 only represents the index of refraction at one instant of time.  After ½ a period of the standing acoustic 
wave has passed, the troughs of Fig. 3 become peaks and create their own Bessel beams.  This leads to the Bessel 
squared periodicity of the major rings in Fig 2b.  Had the TAG lens been illuminated with a synchronized pulsed laser, 
the output would simply represent every peak as an axicon. An effect of the time averaging is shown in Fig. 4a. The 
minor rings slope toward the central ring forming a tilted potential that is not seen in a perfect Bessel beam in Fig. 4b.  
  

 
 

Figure.4 (a) Normalized intensities with respect to the distance from the center of the Bessel beam generated by TAG lens shown 
earlier in Fig. 2b. The major rings are located at 2 and 4 mm from the center. The minor rings are most prominent around the central 

spot and are shown on the graph as the smaller peaks budding from the central one. (b) is a plot of the perfect Bessel beam   
  

3. MATERIALS, METHODS, AND RESULTS 
3.1 Experimental arrangement of TAG lens 
 As seen in Fig. 5, the TAG lens used in this experiment consists of a circular piezoelectric, which is connected 
to both a function generator (Stanford Research Systems, DS345) and RF amplifier (T&C Power Conversion, AG 1006). 
The function generator provides the driving AC signal for the TAG lens (100 kHz – 500 kHz), and the RF amplifier 
amplifies that signal to provide voltages in the range of 40 – 100 Vpp. The RL circuit connected in series with the RF 
amplifier serves to impedance match the lens and circuitry.  We used three different fluids to examine the effects of 
viscosity.  These include silicone oil at 0.65 and 100 cs (Dow Corning 200 fluid) and commercial grade glycerol with a 
viscosity of 640 cs.  The silicone oils have a static index of refraction of 1.375 and 1.396 for low and high viscosity 
respectively under standard conditions while the index of glycerol is 1.473.  The piezoelectric, electrodes, and windows 
are sandwiched between two metal plates.  In order to fill the lens without trapped air pockets, one metal plate is 
machined with two holes connected to filling and vent tubes.  
 

(a) 
(b) 



 

To generate and observe a Bessel beam, a magnified Gaussian beam of collimated frequency doubled CW 
Nd:YAG laser light at 532nm illuminates the TAG lens. Images are observed using a CCD camera (Cohu 2622) and 
frame grabber card. If desired, a lens could be placed before the camera to reduce or magnify the image. 

 
Figure 5.  The experimental setup to generate and observe a Bessel beam. The telescope magnified the beam 5X.   

 
3.2 Nondiffraction 
 The following Fig. 6 illustrates the nondiffracting ability of the Bessel beam generated by the TAG lens as 
compared to its theoretical predictions, an axicon, and a Gaussian beam.  In all cases, the focus of the beam or beam 
waist is 150 μm and is located 0.5 m from the lens.  In the case of a Gaussian, the beam quickly diverges becoming an 
order of magnitude larger only 1 m downstream.  In contrast, the axicon would remain approximately the same 150 μm 
due to its nondiffracting line focus in z.  The TAG lens produces a beam that remains approximately the same size, over 
the same 1 m propagation.  This compares favorably to an axicon and exhibits the nondiffracting nature of the beam.  
Experimental data shown in Fig 6 is collected from an azimuthal average of still images acquired at fixed distance away 
from the lens.  The data also demonstrates good agreement with the theoretical TAG.   

 
Figure 6. Radial coordinate of the first local minimum in intensity of the experimental and simulated TAG beams, axicon beam, and a 
Gaussian beam (beam radius = 1/e radius). The TAG lens is driven at 74.4 Vpp at 265.7 kHz, and the axicon cone angle is 179.5°. The 

laser wavelength is 650nm, and the theoretical TAG assumes nA = 5.5 x 10-5 

 
3.3 Tunability 
 A major advantage the TAG lens has over an axicon is its tunability. By varying the driving voltage, one 
controls the size of the minor rings and the number of minor rings visible (Fig. 7a). The driving voltage decreases with 
the minor ring radius (Fig. 8a) while it increases with the number of minor rings visible (Fig. 7b).  Such changes directly 
correspond to changing the axicon’s cone angle. 



 

 
Figure 7. The relation between driving voltage and (a) ring radius and (b) number of rings 

 
 Similar control over the major rings stems from varying the driving frequency.  An increase in the driving 
frequency increases the number of major rings and decreases the major ring radius.  The distance between major rings, 
Δr, can then be related to the driving frequency ω by the inverse relation,  
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where 3.832 is the coordinate of the first minimum of J0(x).  This equation can be used to determine the distance between 
particles trapped within the major rings. 
 
3.4 Switching Speed 

One of the main considerations of adaptive optics and SLMs for switching applications is the refresh rate or rate 
at which the new images can be established.   The switching speed of the TAG lens using the silicone oil with a viscosity 
of 0.65 centistokes is relatively fast ranging from 2-3ms as shown in Fig. 8. The first picture in the upper left hand corner 
shows the TAG output when the driving frequency is first turned on.  Within the first 0.5 ms, the pattern begins to 
establish a bright central spot with emerging major rings.  These rings continue to sharpen over the next 0.5 ms as does 
the central spot.  After 1 ms, the minor rings begin to form and continue developing for the next 0.5 ms.  Finally after 2.0 
ms, the pattern remains steady.   

 

 
Figure 8. Images of Bessel beam taken 70 cm behind the lens to illustrate the time from which the driving frequency is first changed to 

which the beam reaches a steady state.  Driving frequency is 300 kHz and amplitude of 60 Vp-p .  Each image is exposed for 0.5 ms 
 



 

 To gain more precise information about the switching speed, we use a high speed photodiode to measure the 
intensity of the central spot.  Fig. 9 illustrates this measurement as the lens is turned off and the acoustic wave dissipates 
in glycerol.  The TAG lens’s driving voltage is set to zero at t = 0.  The liquid in the TAG lens was replaced with 
glycerol although results with the silicone oils are also obtained.  The plots are similar but due to viscosity differences, 
have different time scales. At negative times, the lens is operating in the steady state producing the oscillatory behavior 
discussed in Section 2.  Once the driving frequency is shut off, the oscillations rapidly decay toward the constant value.  
The decay time is quantified by extracting the time for the voltage to decrease to 1/e of the initial steady state.  Fig. 10 
shows these results for different filling liquids and different initial driving frequencies.   

 
Figure 9. Intensity of TAG-generated beam with respect to time after the driving voltage is switched off at t = 0.  

 
 We expect the switching speed to be dependent on the viscosity of the fluid and the driving frequency.  The data 
in Fig. 10 shows a modest dependence on driving frequency that is within the measurement noise.  A higher viscosity 
fluid damps out transients and reaches steady state more quickly as shown in the figure.  The average time constant is 2.1 
ms, 650 μs, and 320 μs for 0.65 cSt silicone oil, 100 cSt silicone oil, and glycerol respectively.  The images of Fig 8. 
showing silicone oil at 0.65 cSt agree with the decay time measured in this manner.  Therefore one can expect switching 
rates of 1/decay time or 500-3000 Hz.   
 

 
Figure 10. Three plots with differing viscosities of switching speed with respect to the driving frequency. 

 
3.5 Preliminary optical trapping 
 The presence of the major rings in Fig. 2b and 4a illustrate the existence of multiple nondiffracting rings, each 
of which can function as an optical trap for micron-sized particles.  In order to test this, the light from the TAG lens is 



 

demagnified by a factor of 40 using a pair of lenses.  Polystyrene beads 2.8 μm in diameter are suspended in deionized 
water and placed between two microscope coverslips.  The coverslips are placed on an inverted stage microscope and 
images are collected through the microscope objectives.  Fig. 11a shows a magnified image of the central Bessel beam 
and one major ring as collected through the microscope.  The resulting pattern of trapped particles is shown in Fig 11b.  
We see multiple particles trapped in the broad central spot (approx 15 μm) and a ring of particles captured by the major 
ring.  Between these two traps are particles that continue to float untrapped through the liquid.   
 

 
 

Figure 11. (a) is the image used to trap of the Bessel beam generated by the TAG lens driven at 258 kHz. The image was taken with a 
CCD camera and observed through a microscope. (b) is 2.799 μm polystyrene spheres trapped in the central spot and major ring and a 

few excess particles in between. Both pictures are at the same scale. 
 

4. CONCLUSION 
 As can be seen from its nondiffraction, complex pattern formation, and tunability, the TAG lens has the 
potential to be a useful tool in optical manipulation.  The presences of both major and minor rings illustrate how the TAG 
lens can generate a multiscale Bessel beam. Since each major ring plus the central spot can be used as an optical trap, the 
TAG lens can be use in the place of an SLM in some simple cases.  Varying the driving voltage controls the number of 
minor rings and their radii, and changes in the driving frequency predominantly affect the location and spacing of the 
major rings.  These major rings exhibit an inverse relation between spacing and driving frequency.  The time constant for 
changes in the image is mainly determined by the viscosity of the refractive liquid.  High viscosity liquids such as 
glycerol show a rapid decay and a short time constant compared to low viscosity silicone oils.  The measured time 
constants of 320 μs for glycerol to 2.1 ms for 0.65 cSt silicone oil to establish a complete steady state image are faster 
than what can be obtained by current SLM technology.11 Finally, the TAG lens design is suitable for large scale optics or 
non-circular geometries.  For instance rectangular lattices can be constructed from a rectangular TAG.  The TAG lens’s 
simple construction, high rate tunability, and ability to generate multiscale Bessel beams provide new opportunities in for 
controllable optical traps and particle manipulation.   
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