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We demonstrate the generation of Bessel beams using an acousto-optic array based on a liquid
filled cavity surrounded by a cylindrical multi-element ultrasound transducer array. Conversion of a
Gaussian laser mode into a Bessel beam with tunable order and position is shown. Also higher-order
Bessel beams up to the fourth order are successfully generated with experimental results very closely

matching simulations.

PACS numbers: 42.40.Eq,42.79.Jq,43.38.Hz,43.60.5x

Steering and shaping of laser modes is an important ca-
pability for optical manipulation and aberration correc-
tion applications. Deformable mirrors are the preferred
method for aberration correction in astronomy [1] and
spatial light modulators (SLMs) are the common choice
in optical trapping applications [2] and microscopy [3].
These devices require a certain level of a laser mode
phase control and in this letter a new method is in-
troduced in which the phase control is achieved using
a tuneable acousto-optic array which offers potentially
very high refresh rates (~1MHz) and high output power
(~ 3 MW/cm?) and is particularly well suited to the
production of Bessel beams.

Non-Gaussian laser modes such as Laguerre-Gaussian
and Bessel beams [4] have been used in applications as
varied as the transfer of orbital angular momentum [5]
and photoporation [6]. Important properties of Bessel
beams such as diffraction free propagation and self-
reconstructing wavefronts have driven their applications
in micro-manipulation [7-9], atom optics [10] and nonlin-
ear optics [11] while the conical wavefronts of high-order
Bessel beams are being used used as tractor beams [12—
14].

Although an ideal Bessel beam requires an infinitely
wide wavefront to facilitate continuous propagation, ap-
proximations to Bessel beams, with a finite propagation
length, have been produced by a variety of methods using
bulk optical elements [15-18] and holographic techniques
using computer generated static [19] and tunable holo-
grams [20].

A method for generation of pseudo-Bessel beams using
a tunable acoustic gradient lens relying on acousto-optic
interaction effect has been examined in [21]. The beam
tuning was achieved by controlling the magnitude of the
acoustically induced refractive index gradients with the
amplitude of the driving voltage. This allows the distance
between the side lobes of the Bessel function of the beam
to be altered, but, does not allow the Bessel beams to be
steered or higher-order beams to be generated due to the
cylindrical symmetry of the device.

The SLMs on the other side allow the produced

Laguerre-Gaussian and Bessel beams to be steered, how-
ever they suffer from a somewhat low refresh rate (100s
of Hz), such that a combination of SLMs for creating the
Bessel beams and acousto-optic deflectors for beam steer-
ing have been employed [22] due to the very fast refresh
rates (several kHz) of the latter.

In general, acousto-optic devices, either of bulk or sur-
face wave types have been widely used for a range of
optical applications. Most notable in the context of the
application discussed here, is their use in holographic dis-
plays where a high refresh rate is required so that the
observer perceives a static image [23, 24].

Recent advances in ultrasound transducer array sys-
tem allowed a sufficient degree of control over acoustic
fields to be achieved [25-27] for a new type of acousto-
optic device with unique tuning capabilities to be de-
veloped in which the shape of the beam and its off-axis
displacement are imposed simultaneously. The poten-
tially high (~ 1 MHz) refresh rates achievable with this
method could also prove to be vital for applications such
as the use of orbital angular momentum for optical signal
encoding resulting in effective increase of the communi-
cation line bandwidth [28].

The system described in this letter is produced from
a piezoceramic ring (PZ27) of internal radius, 5.49mm,
wall thickness 0.87mm and height d = 1.60mm. The ring
is backed with an absorbing layer (epoxy with 60% by
weight alumina added) and diced into N = 16 elements
of internal circumferential width 2.16 mm Fig. 1(4). The
internal volume of the device is filled with water and is
enclosed by two glass cover slips. The array was operated
at a frequency of f, = 2.35 MHz, an acoustic wavelength
of \, = 640 pm, voltage amplitudes 10-25 Vpp. The
choice of these parameters has been due to manufactur-
ing convenience and could be easily adjusted for specific
applications

The steering of the Bessel fields inside the fluid cavity
can be accomplished by applying excitations of appro-
priate amplitude and phase to the piezoelectric elements
[25]. An analysis of the cylindrical array carried out in
[26] reveals that when an excitation consistent with the



boundary conditions corresponding to Bessel field of or-
der « is applied to the piezo-elements of the array, the
resulting acoustic field consists of two contributions: the
first is associated with the implied Bessel field in the cen-
tral area of the device and the second is associated with
Nyquist aliasing due to the finite number of the array
elements. The total acoustic pressure field generated can
be shown to be of the form [26]:

p(x,,t) = poJa(karz)e 2~ e+

+ Z AmJm(karl)6””91_"‘*’“1t (1)
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where k, = 2m/)\, is the wavenumber of the acoustic
field of wavelength A,, w, is the angular frequency of
the acoustic wave, (r1,6;) are the polar coordinates co-
inciding with the centre of the array and (rs,63) are
the polar coordinates coinciding with the centre of the
Bessel field such that ro = r1 + Ar and |Ar| = Rrp.
R is the displacement distance of the Bessel field from
the centre of the array Fig. 2 [26]. The second term
in Eq. (1) corresponds to the aliasing field which is
formed from a superposition of high-order Bessel func-
tions. The lowest order of the Bessel function forming
the alias is M = N — a — meRyp /A, which, using the
asymptotic behaviour of the Bessel function for large or-
ders [29], gives the radius of the central alias-free area
Tmin = A(N — a)/me — Ry [26]. The maximum distance
to which the Bessel field can be shifted from the centre
is therefore Rrmax = 1/2(N — a)\,/me, and the maxi-
mum order of the Bessel function that can be generated
iS Qmax = 1/3N.

The variations in refractive index of the medium in-
duced by this acoustic field can be imprinted on a plane
electromagnetic wave propagating in the axial z direc-
tion. Consider a plane electromagnetic wave of ampli-
tude Eq incident on the front optical surface z = 0 of the
device. The field distribution at the back surface z = d
will be

E(m,y,d) _ Eoeikd[nngnA(z,y,t)] (2)

FIG. 1. Sketch of the optical setup: (1-3) laser and beam ex-
pansion system. A CPS196 adjustable focus ThorLabs 635nm
diode laser (1) illuminates a @15um pinhole (2) located in
the back focal plane of f3 = 10cm lens (3); (4) the tunable
acousto-optic hologram device; (5) Rs = 50cm spherical mir-
ror; (6) 0.3 mm edge; (7) AF-S NIKKOR 70-300mm zoom
lens and ThorLabs KM100T CCD camera.

FIG. 2. Definition of coordinates systems used in Eq. (1).

where k = 27/X is the wavenumber and X is the wave-
length of the optical field in the air, ng is the average re-
fractive index of the filling medium and n 4 is the pertur-
bation pressure-dependant refractive index [30]. Its de-
pendance on the pressure field is found using the Lorentz-
Lorenz [31] equation

n4+n2—2 _
nA(z7y7t) = %Re{p(xﬁ%t)} (3)

where p = p/poc? is the normal pressure amplitude, pg is
the average mass density and cg is the sound velocity in
the medium. Note that since the frequency of the acous-
tic field is much lower than that of the optical field, a fixed
pressure field p(z,y,t) = p(z,y,tp) can be assumed with-
out loss of generality for the analysis of optical fields. For
excitation pressure amplitudes of p, ~ 10kPa, average
density of py = 1 kg/m?, sound velocity of ¢y = 1.5 km /s
and ng = 1.33 for room temperature water the estimated
amplitude of n4 is ~ 1.63 x 107° and correspondingly
kdn 4 ~ 0.025. Thus, using a small parameter expansion
the field distribution at the back plane can be written as

E(z,y,d) = Eoe™™[1 + ikdna(z,y,t)]. (4)

where the first term in the brackets is a non-diffracted
plane wave and the second term corresponds to the
diffracted light. The refractive power RP expressing the
efficiency of power conversion from the incident plane
wave into the modulated beam can be defined as RP =
1pkdmax{na}? [30]. A 0.03% efficiency is achieved
for pressure amplitude of 10 kPa (p ~ 4.4 x 107%) in
water-based device whereas in a solid state medium, e.g.
LiNbO3 with ng ~ 2.286, the same normal pressure p
yields an optical efficiency of 1%. This is an upper limit
of the efficiency imposed by the linearity condition of
the phase modulation assumed in Eq. (4). Considering
an optical surface damage threshold of ~ 300 MW /cm?
for LiNbO3 a 1% optical efficiency corresponds to a
diffracted output optical power density of ~ 3 MW /cm?.
Another important parameter, the refresh rate, is deter-
mined by the the single pass-time of acoustic wave across
the volume which is ~ 7us (~ 150 kHz) in the current
configuration. In a LiNbOg device of similar dimensions,
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FIG. 3. intensity profiles of high-pass filtered Bessel beams of
orders @ = 1...4 produced in simulation (top) and obtained
experimentally (bottom).

the refresh rate will be 734 kHz and in a device of half the
inner radius, refresh rates of 1.5 MHz would be achieved.

The propagation of the imprinted electromagnetic
wave can be described using the Rayleigh-Sommerfeld in-
tegral which gives the electric field distribution at plane
z behind the hologram

iz N ’oo etklr—'|
E(z,y,2) = m{dx dy B,y d) (5)

v —r'|

where |r —1'| = /22 + (z — 2/)2 + (y — ¢/)? and the in-
tegration is performed over the area of the hologram.
Substituting the acoustic field distribution Eq. (1) for
a = 0 into Eq. (5) the properties of the quasi Jy beam
propagation can be examined. The beam spreading and
maximum beam intensity variation as a function of prop-
agation distance can thus be examined and its non-
diffracting properties [4, 17] established. Typically, the
on-axis intensity oscillates around a fixed value until the
shaped field starts to deteriorate spatially at a distance
of approximately zmax = RA./A [4, 17]. For the array
aperture radius of R = 5.0 mm, the acoustic wavelength
of A\, = 640um and the optical wavelength of 635 nm this
gives Zmax ~ D m.

The experimental setup is shown in Fig. 1. A A =
635nm plane electromagnetic wave is generated by a sys-
tem of a g15um pinhole located in the back focus of the
f1 = 10cm lens and adjustable focus laser (the built-in
lens was used to focus the laser on the pinhole, however,
this can be facilitated by a fixed mode laser and an ex-
ternal lens). This wave passes through the device which
imprints the phase according to Eq. (4) with the refrac-
tive index n4(x,y) determined by the pressure field in
the volume of the device. The strong background radi-
ation corresponding to the first term in the brackets of
Eq. (4) is removed with a high-pass spatial filter using
a system of a spherical mirror of R = 50 cm curvature
radius and a 100pum wire tip placed in the focus of the
mirror. The intensity profile of the resulting beam was
imaged using a CCD camera and 70-300 mm zoom lens.

Note, that according to Eq. (1) the Bessel beam pro-
duced rotates with the angular velocity of w, = cokq
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FIG. 4. Cross sections of the detected Jy and J; beam inten-
sities.

corresponding to the f, = 2.35 MHz operating acoustic
frequency. Since this frequency is much higher than the
CCD camera exposure time, the intensity image observed
in the CCD plane I(X,Y) is in effect an angle average

2

27
I(X,Y) 2i / Fa(r,0 — Af) dAD (6)
0

s

where A0 = w,t and ni4(r,0) is the imprinted beam
profile modified by the spatial high-pass filter system.
Therefore, this system does not allow the instantaneous
Bessel beams to be observed directly and an optical beam
propagation simulation was used to assess the Bessel
beams generated. The beam profiles produced in sim-
ulations assume refraction indexes to be determined by
the pressure distribution given by Eq. (1). The 714 profile
is found by applying a 100um dark field filter in Fourier
space and the inverse Fourier transform is subsequently
angle averaged according to Eq. (6).

Simulated and experimentally obtained cross-sections
of Bessel beams of orders & = 1...4 are shown in Fig. 3.
The good agreement between the simulated and mea-
sured beam profiles indicates that indeed higher-order
Bessel beams are produced. Furthermore, the observed
independence of the beam intensity image on the focal
depth of the camera objective lens implies that the beam
propagates a distance of several meters corresponding to
the focal depth of the lens. One can see that both in sim-
ulation and in experiment the average intensity images of
beam profiles are not azimuthally symmetric. The source
of this asymmetry lies in the spatial filter used not be-
ing rotationally symmetric. Beam intensity profiles pre-
sented in Fig. 4 show the Jy and J; beam intensities along
the Y = 0 axis in the CCD image plane. An excellent
agreement with the Jy and J; functions can be seen. The
better quality of the Jy beam can be attributed to the
fact that Jy beam does not rotate like the higher-order
beams and therefore it is less susceptible to the distortion
introduces by the asymmetric spatial filter.

Higher-order Bessel fields produced are shown in Fig. 3
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FIG. 5. The profiles of the J; Bessel beam manipulated in
two transverse directions.

and here some of their fundamental features can be ex-
amined. The typical distortion surrounding the central
area of the pure Bessel mode and its dependence on the
order « of the Bessel mode implied by Eq. (1) can be
seen. Thus, for a = 1 there are four and for o = 4 there
are only two distortion free fringes implying that the size
of a useful beam decreases as a function of . It is also in-
teresting to note that the distortion field surrounding the
central area of the array produces optical field propagat-
ing in an orderly manner without disturbing the Bessel
beam in the central area. The reason for this lies in the

fact that the acoustic distortion field itself produces a
linear superposition of Bessel beams of higher orders the
lowest of which is N — a.

The beam steering capability of the tunable acousto-
optical system is demonstrated in the series of images
show in Fig. 5. Here, applying corresponding phase dif-
ferences to the piezo-elements of the array [25], the po-
sition of the centre of the acoustic Bessel field can be
controlled within the 1/2(N — a)A,/me radius [26]. In
this case a linear displacement of the beam of £0.2 mm
in x and y directions is demonstrated.

In conclusion, a novel tuneable acousto-optic holog-
raphy system has been demonstrated by the generation
of optical Bessel beams of any order a below the /3N
limit. In addition to beam generation, the system allows
mechanically unaided steering of the Bessel beams pro-
duced. The physical limit on the switching rate of the
system described in this letter is approximately 150 kHz
but this, and the device efficiency, could be increased sub-
stantially by exciting the acoustic grating in a solid state
medium such as LiNbOs. It is also worth noting here
that although the Bessel field distribution is intrinsic to
the cylindrical arrangement of the acoustic array used in
this system, the approach in principle allows to imprint
any phase distribution on the optical field.
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