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High-speed varifocal imaging with a tunable
acoustic gradient index of refraction lens
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Fluidic lenses allow for varifocal optical elements, but current approaches are limited by the speed at which
focal length can be changed. Here we demonstrate the use of a tunable acoustic gradient (TAG) index of
refraction lens as a fast varifocal element. The optical power of the TAG lens varies continuously, allowing
for rapid selection and modification of the effective focal length at time scales of 1 �s and shorter. The wave-
front curvature applied to the incident light is experimentally quantified as a function of time, and single-
frame imaging is demonstrated. Results indicate that the TAG lens can successfully be employed to perform
high-rate imaging at multiple locations. © 2008 Optical Society of America
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The ability to rapidly change the focal plane of an op-
tical system has applications in various fields, such
as confocal profilometry [1], confocal microscopy [2],
focus tracking [3], or material processing [4]. For all
these practical uses, a fast focal-scanning optical ele-
ment with a high transmission coefficient is desirable
but is not readily available.

Dynamic focal scanning can be performed by me-
chanical translation of an ensemble of optical ele-
ments [5] or by the use of reconfigurable liquid-
crystal-based modulators [6] or membrane mirrors
[3]. Additionally, adaptive liquid lenses based on
changing the curvature of a surface or interface offer
an interesting solution for varifocal applications, par-
ticularly for small-scale devices [7]. Although these
technological options continue to be improved, they
remain relatively limited in speed, with the best
focal-scanning rates approximately in the kilohertz
(kHz) range. Faster alternatives have been reported
to operate at several hundreds of kHz. For instance,
electro-optic lenses [8] and lenses based on acousto-
optic crystals [1] have a response up to 400 kHz. As a
main drawback, electro-optic lenses are polarization
sensitive, and acousto-optic crystals have a weak
transmission efficiency, owing to their need of mul-
tiple crystals for focusing a beam.

Recently, TAG lenses emerged as a new generation
of high-speed tunable optical components able to pro-
vide complex beam profiles, such as Bessel beams
[9,10]. By synchronizing the TAG lens with a pulsed
light source, it was shown that one can rapidly select
between specific patterns as annular or focused
beams for materials processing [11]. In this Letter,
we demonstrate how a TAG lens can be used as a fast
varifocal converging or diverging simple lens with
switching times faster than 1 �s. The time-resolved
wavefront is measured, and direct imaging through
the TAG lens is demonstrated.

The TAG lens consists of a cylindrical piezoelectric
shell filled with a transparent material. When the pi-
ezoelectric transducer (PZT) is driven with a sinu-

soidal voltage with frequency � in the rf range, a
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standing-pressure wave periodically alters the re-
fractive index distribution n�r , t� inside the refractive
medium according to [12,13]

n�r,t� = n0 + naJ0��r

v �sin��t�, �1�

where n0 and v correspond to the static refractive in-
dex and to the speed of sound in the acoustic me-
dium, respectively. The constant na depends on �, the
physical properties of the acoustic medium, (the ini-
tial refractive index, the speed of sound, and the ef-
fective kinematic viscosity), and the peak inner-wall
velocity (linearly proportional to the amplitude of the
driving signal). For the conditions shown in this Let-
ter, na�10−5 [12]. Keeping the second-order term in
the expansion of Eq. (1) in the vicinity of the optical
axis gives

n�r,t� = n0 + �na −
na�2

4v2 r2�sin��t�. �2�

By identification with the transfer function of a lens,
the effective lens power ��t� for the TAG lens can be
written as

��t� =
1

f�t�
=

Lna�2

2v2 sin��t�, �3�

where f�t� corresponds to the effective focal length
and L is the length of the TAG lens �2.5 cm�.

We measure time-resolved lens power ��t� using
the stroboscopic wavefront analysis shown in Fig. 1.
The laser source delivers 15 ns pulses at a wave-
length of 355 nm and a diameter of 3.5 mm at 1/e2.
We employ 0.65 cS silicone oil as the transparent ma-
terial in the TAG, with a refractive index of 1.37 and
a speed of sound of 873.2 m s−1. For these experi-
ments, a sinusoidal 388 kHz rf signal drives the TAG
lens at an eigenmode of the chamber. This signal is
maintained constant, while a pulse-delay generator

is used to trigger the laser with an arbitrary lag time
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relative to the TAG driving signal. This allows us to
synchronize each pulse of light with the desired vi-
bration state of the lens. The wavefront modulations
experienced by the incoming laser beam are analyzed
with a Shack–Hartmann wavefront sensor (Thorlabs
WFS 150 C) placed 47.5 mm after the TAG lens out-
put window. By limiting the size of the entrance pupil
of the wavefront sensor to 1.6 mm, we make sure
that only the wavefront distortions experienced by
the central part of the laser beam are analyzed.

The wavefront sensor provides the radius of curva-
ture (ROC) of the beam after the TAG lens. For a
Gaussian beam, the relation between the lens power
� and the ROC depends on the distance d between
the lens and sensor according to

1

ROC�d�
=

− �−1 + d�1 +
�−2

zl
2 �

��−1 − d�2 + �d�−1

zl
�2 , �4�

where zl is the Rayleigh range of the laser beam in-
cident on the TAG lens.

Figure 2(a) shows that the lens power for the TAG
lens operating in the steady state exhibits a sinu-
soidal oscillation at the frequency of the driving sig-
nal. It is possible to sample any lens power over the
available range using a pulsed-light source or a high-
speed camera, thereby enabling a fast varifocal lens.
For the data shown, a driving amplitude of 3.44 Vp-p
allows the optical power of the TAG lens to vary be-
tween �min=−1.6 m−1 and �max=1.6 m−1 in a time �t
=� /�=1.3 �s. As expected from Eq. (2), the ampli-
tude of the lens power varies linearly with respect to
the amplitude of the driving signal, as shown in Fig.
2(b).

Figure 2(c) shows the relative amplitude of the
Zernike modes fitting the smallest positive ROC
wavefront when the amplitude of the driving signal
is 16.4 Vp-p. Modes (0,0) and �1, ±1� are not plotted,
as they represent the piston, tip, and tilt resulting
from alignment between the lens and detector. The
comparison of the amplitudes of the higher-order
Zernike modes indicates that the output wavefront
can be primarily fit by Zernike mode (2,0), corre-
sponding to beam (de)focusing. The amplitudes of the
higher modes are comparatively low, suggesting that
the amount of aberrations introduced by the TAG

Fig. 1. (Color online) Experimental setup for determining
the wavefront’s ROC using a Shack–Hartmann sensor. The
variable delay between the laser pulse and the ac driving
signal is set with a pulse-delay generator.
lens is minimal.
The low aberration associated with the TAG lens
enables it to be used in imaging applications. Figure
3 shows such an experimental setup for imaging. A
collimated spark lamp, producing 18 ns flashes of in-
coherent light, illuminates the object, which is a
USAF 1951 calibration standard. We employ the
same method as described in Fig. 1 to synchronize
the spark lamp with the TAG lens. A 2.5 mm diam-
eter iris is placed after the TAG lens in order to limit
the effective aperture of the system to the region
where the second-order expansion given in Eq. (2) re-
mains valid. The imaging system consists of a CCD
camera located at the focal plane of a 200 mm focal
length lens (L) with the object placed at the focal
length of the TAG. A sinusoidal signal 16.4 Vp-p and
388 kHz drives the TAG lens.

When the TAG is off, the resolution standard is out
of focus, as shown in Figs. 4(a) and 4(c). As the TAG
is turned on, we can see the object is brought into fo-
cus and appears as a clean image on the CCD. By ad-
justing the relative phase delay between the lamp
and the TAG lens, it is possible to select a desired

Fig. 2. (Color online) (a) TAG lens focusing power as a
function of time for a 3.44 Vp-p driving signal at a frequency
of 388 kHz. The solid curve shows a two-parameter (ampli-
tude and phase) sinusoidal fit to the data. (b) Maximum
lens power as a function of the driving amplitude for the
388 kHz signal. The solid line shows a linear fit to the data.
(c) Zernike mode coefficients fitting the wavefront of the
output beam for a driving amplitude of 16.4 Vp-p, a driving
frequency of 388 kHz, and a synchronization delay set so
that the lens power is maximized. The inset shows the re-
constructed wavefront.

Fig. 3. (Color online) Experimental setup for imaging an
object placed at a distance D before the TAG lens. The focal

length of the fixed lens L is fl=200 mm.
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lens power and establish the location of the object
plane. In the case shown, placing an object at
160 mm away from the TAG represents the minimum
object distance with the TAG operating at its maxi-
mum optical power. Changing the relative phase de-
lay by t=0.3 �s decreases the power, and the object
plane is moved to 260 mm away from the TAG.

The results presented in Figs. 4(b) and 4(d) demon-
strate that it is possible to switch the object plane
over large distances from 160 to 260 in a minimum
time of 0.3 �s. The time to switch between two arbi-

Fig. 4. Images of a USAF 1951 resolution test chart: (a)
object at D � 160 mm, TAG lens off; (b) object at D � 160
mm, TAG lens on with the spark lamp synchronized so that
the TAG lens focal length is 160 mm when the object is il-
luminated; (c) object at D � 260 mm, TAG lens off; (d) ob-
ject at D � 260 mm, TAG lens on and synchronization set
so that the TAG lens focal length is 260 mm. The time dif-
ference in the synchronization states of (b) and (d) is
0.3 �s. The scale bars represent a 1 mm length.
trary planes is determined by the curve in Fig. 2(a).
However, the time to change from the minimum lens
power to the maximum lens power is given by half
the period of the driving signal.

In summary, we demonstrated that a TAG lens can
be used as a fast reliable varifocal lens with switch-
ing times on the order of 1 �s. The maximum range
and minimum time for changing the lens power can
be adjusted by simple electrical modifications to the
driving signal. By combining the TAG lens with ad-
ditional optical components, it is possible to apply the
rapid focal plane scanning to many important imag-
ing and focusing applications, such as those found in
machine vision, scanning optical microscopy, or ma-
terials processing.

We thank Emmanuel Beaurepaire for useful dis-
cussion on rapid imaging applications and the Air
Force Office of Scientific Research (AFOSR) for finan-
cial support.
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