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We experimentally demonstrated Bessel-like beams utilizing digital micromirror device (DMD). DMD
with images imitating the equivalent axicon can shape the collimated Gaussian beam into Bessel beam.
We reconstructed the 3D spatial field of the generated beam through a stack of measured cross-sectional
images. The output beams have the profile of Bessel function after intensity modulation, and the beams
extend at least 50 mm while the lateral dimension of the spot remains nearly invariant. Furthermore, the
self-healing property has also been investigated, and all the experimental results agree well with simulated results numerically calculated through beam propagation method. Our observations demonstrate
that the DMD offers a simple and efficient method to generate Bessel beams with distinct nondiffracting
and self-reconstruction behaviors. The generated Bessel beams will potentially expand the applications
to the optical manipulation and high-resolution fluorescence imaging owing to the unique nondiffracting
property. © 2013 Optical Society of America
OCIS codes: (140.3300) Laser beam shaping; (230.6120) Spatial light modulators; (140.3295) Laser
beam characterization; (230.4685) Optical microelectromechanical devices; (050.1380) Binary optics.
http://dx.doi.org/10.1364/AO.52.004566

1. Introduction

As a primary kind of nondiffracting beam, Bessel
beams have caused immense concerns recently. Such
beams have properties of nondiffraction over propagation distance and self-healing beyond an obstacle.
Those significant properties have been exploited
for many applications in various fields since the
beam was first proposed by Durnin et al. [1]. For instance, Bessel beam plane illumination microscopy
makes it possible to noninvasively image the threedimensional cellular structures and to observe the
1559-128X/13/194566-10$15.00/0
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rapid biological processes in individual living cells
with a large penetration depth [2–4]. Bessel beam
has also been involved in the field of optical micromanipulation and it is regarded as the tractor beam
[5–10]. Optical micromanipulation and orientation
of rod-like microspheres can be achieved with
nondiffracting Bessel beam optical tweezers [5,7].
Especially, their ability of self-reconstruction has
been fully exploited to enable microscopic particles
manipulation in multiple planes simultaneously
[7], and this provides a means to guide microscopic
particles along the light propagation direction. In
addition to the aforementioned applications, such
beams have also been used in areas ranging from
nonlinear optics [11–13], atom optics [14,15], and

microfabrication [16] to optical communications [17],
optical injection [18], and materials processing [19].
New applications of such beams are continuously
explored as well as new generation and characterization methods. Among them, the zero-order Bessel
beam is widely applied in many areas, such as highresolution fluorescence imaging and optical micromanipulation and will be potentially applied in
single molecule fluorescence detection [20,21].
Theoretical zero-order Bessel beam, whose lateral
field profile is described in terms of zero-order Bessel
function of the first kind, is of infinite energy; hence
it cannot be effectively produced experimentally.
However, over a finite range, approximate beams
are realizable with intensity pattern independent
of propagation distance [22]. There exist several experimental methods to obtain the desired beam profiles. Researchers originally employed an annular
slit and a Fourier transform lens for the physical
realization of Bessel beams [1,23,24]. Nevertheless,
the aperture has a very low transmittance, so this
restricts the transmission of laser power and is very
inefficient for applications that require higher laser
intensity. Afterwards, researchers developed methods utilizing axicons for the generation of Bessel
beams. An axicon, either refractive or diffractive,
may be the most common and convenient way to generate a Bessel beam. The approach based on refractive axicon is widely applied due to its high efficiency
[25], but the parameters of the beam are fixed since
the cone angle of a conventional axicon determines
the spatial frequency of the beam. The problem is
successfully addressed afterward by using a liquidimmersion axicon [22] or a fluid based tunable device
[26], which allows the alteration of the axicon angle.
In addition, other methods are also explored to obtain the desired optical pattern, including tunable
acoustic gradient lens [27], 4 − f spatial filtering
system [28], computer generated holograms [29],
magnetic liquid deformable mirror [30], and a pair
of metal axicon mirrors [31]. Most recently, the liquid
crystal spatial light modulator (SLM) enables online
generation and direct projection of artificial phase
pattern possible for beam shaping, therefore Bessel
beams can be produced with a tunable phase pattern
projected onto the pure phase SLM [32,33]. Although
providing programmable generation of desired
beams, relatively low damage thresholds of the
common SLMs restricts their actual applicability.
Moreover, recent progress of vector Bessel beam
[15,34] and ultrashort Bessel beam pulse [35] will
greatly promote their applications in various
disciplines.
The digital micromirror device (DMD) is a microelectronic mechanical system. It was invented by
Larry J. Hornbeck of Texas Instruments Inc. in
1987. DMD is an amplitude type SLM made up of
aluminum mirror arrays and silicon based CMOS
electronics. It has a relatively higher frame rate
and damage thresholds compared with liquid crystal
on silicon SLM. It has already been used in digital

light processing [36,37] and will prospectively be employed for the next generation of digital displays.
Meanwhile, emerging applications, such as holographic data storage, lithography, medical imaging,
and 3D metrology are now available by using the reflected mirrors [38]. Recently, its advantages have
been fully exploited to optically manipulate the spatiotemporal neuronal activity patterns of zebrafish
[39]. Furthermore, the device also enables the programmable generation of novel light beams, such
as Laguerre–Gaussian beams [40,41].
A DMD provides a promising option for obtaining
Bessel beams. In the present work, we demonstrate a
novel approach using DMD for generation of the
zero-order Bessel beam with distinct nondiffracting
property. Section 2 briefly reviews the analytical
description of Bessel beam and the theory of beam
propagation methods (BPMs) used for simulation
of propagation behavior over distance, and theoretically describes the Bessel beam generation method
with DMD. Section 3 introduces the experimental
setup employed for shaping Bessel beam with DMD
and the necessary procedure for utilization of DMD.
Section 4 presents the transversal and longitudinal
patterns of Bessel beams and experimentally
demonstrates the nondiffracting and self-healing
characteristics of the generated Bessel beam. Ideally
DMD modulates the amplitude of the wavefront,
thus the phase is simultaneously modulated due to
the geometric structure of the device. Section 5
discusses the phase modulation in the experiment.
The last section briefly summarizes the experimental generation and verification through propagation
simulation of the Bessel beam.
2. Principle

In optical sciences, diffraction is the most common
phenomena associated with the wave nature of light
against propagation. This behavior of diffraction
obeys the Maxwell wave equation. This equation,
appropriate for free space, can be expressed as
follows [42]:


1 ∂2
∇2 − 2 2 ψρ; ϕ; z; t  0:
c ∂t

(1)

There are a variety of solutions to this equation,
and each of them corresponds to a kind of optical distribution as the theory of electromagnetism predicts.
Furthermore, we can write the solution of integral
form to Eq. (1) in terms of a monochromatic azimuthally symmetric wave f ρ. In terms of the light
source at the plane z  0, the corresponding equation
is given in cylindrical coordinate system with the
form [43]:
ψρ; ϕ; z; t 

k
2πi

ZZ

ρ0 dρ0 dϕ0 f ρ0 

eikR−ωt
;
R

(2)

where k  2π∕λ is free-space wave vector of the
electromagnetic field with frequency ω and
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p
wavelength λ. ρ  x2  y2 denotes radial distance
from the optical axis z, and R represents the distance
from the light source to observation point ρ; ϕ; z.
When the condition of paraxial approximation is
satisfied, we have
R

q
z2  ρ2  ρ02 − 2ρρ0 cosϕ0 − ϕ

≈z

ρ2  ρ02 − 2ρρ0 cosϕ0 − ϕ
:
2z

(3)

Under such condition, a special class of solutions
with similar form can be obtained with complex
amplitude of [44]
ψ n ρ; ϕ; z  A expikz z − ωtJ n kρ ρ expin ϕ: (4)
This solution exactly fulfills the scalar diffraction
theory since the theory itself is approximate.
In Eq. (4), n  0; 1; 2   , kρ  k sin θ and kz 
k cos θ(k  k2ρ  k2z 1∕2 ) are the radial and longitudinal wave vectors of light, respectively, while J n
stands for the nth-order Bessel function of the first
kind. As a result, this series of optical distributions
are named as Bessel beams with amplitude An 
AJ n kρ ρ and the azimuthal phase expin ϕ.
In this paper we focus on the generation of zeroorder Bessel beam. The complex amplitude of the
zero-order Bessel beam can be easily written through
substituting 0 for n in Eq. (4), then
Eρ; ϕ; z  A expikz zJ 0 kρ ρ;

(5)

where the carrier with frequency ω is separated.
Interestingly, the time-averaged intensity profile
for Bessel beam remains invariant over the propagation distance in theory, as is revealed by the following
expression [45]
1
Iρ; ϕ; z > 0  Iρ; ϕ; z  0  jψρ; ϕ; z; tj2
2
2
∝ jJ 0 kρ ρj :

(6)

This is an indication that as the beam propagates,
it does not spread out, therefore, it is referred to the
nondiffracting beam. Since the intensity profile is
proportional to the square of zero-order Bessel function, the pattern of the ideal beam should be a set of
concentric rings with a bright spot in the center.
According to the principle of interference, the
superposition of monochromatic plane waves propagating on a cone will bring about a zero-order Bessel
beam [1]. An axicon, or conical lens element, can
transform the collimated beam into a set of plane
waves propagating on a cone since the phase function
depends linearly on the radius of the axicon [25]. So
in order to generate the Bessel beam with DMD, first
4568
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we need to calculate the pattern imitating the linear
phase function of the axicon, in which the grayscale
is linear to the radial distance as is shown in
Fig. 1(d). Afterward, through loading the calculated
image onto DMD, the Bessel beam will be produced
though it is just an approximate due to the finite
energy.
Since only an approximation to the ideal Bessel
beam can be achieved experimentally, the optical distribution is not exactly described by Eq. (6). As for the
optical profile of generated beam over propagation
distance, the free-space BPM [46,47] is adopted to
calculate the optical distribution. The wavefunction
ψx; y; z; t comprises a complex amplitude ψ p x; y; z
and a carrier with frequency ω, i.e., ψx; y; z; t 
Refψ p x; y; z expiωtg. The Helmholtz equation for
ψ p x; y; z is
∂2 ψ p ∂2 ψ p ∂2 ψ p

 2  k2 ψ p  0;
∂x2
∂y2
∂z

(7)

where k  ω∕c is wavenumber. Through Fourier
transform of Eq. (7), we obtain


d 2 Ψp
k2x k2y
2
 k 1 − 2 − 2 Ψp  0;
dz2
k k

(8)

where Ψp kx ; ky ; z is the 2D Fourier transform of
ψ p x; y; z, and it can be numerical reconstructed
through
0

s1
k2 k2y
Ψp kx ; ky ; z  Ψp0 kx ; ky  exp @−ikz 1 − x2 − 2 A;
k k
(9)
where Ψp0 kx ; ky  is the light distribution in the frequency domain at z  0. Through inverse Fourier
transform, ψ p x; y; z can be generated from Eq. (9).
So Eq. (9) provides a means to relate the intensity
distribution of light at two arbitrary planes separated with distance z along the propagation direction. BPM algorithm is achieved by repeating the
algorithm Eq. (9) to reconstruct the light intensity
along z direction step by step. In this work, BPM
method is employed to numerically calculate the intensity distribution in x–z plane for ideal Bessel
beam and obstructed Bessel beam.
3. Experimental Setup

We take advantage of a commercial DMD [0.7 in.
(1.78 cm), XGA] manufactured by Texas Instruments
Inc. in the experiment. The device, which consists of
a matrix of 1024 × 768 micromirrors deposited on silicon chip with a 14.46 μm pixel pitch, is mounted onto
an underlying circuit board controlled by a custom
computer. The square mirror is 13.68 μm width on
each side and those tiny mirrors are coated with aluminum to achieve maximum reflectivity. For making
full use of incident light, the interval between two

Fig. 1. Experiment layout and gamma curve correction of DMD. (a) Schematic of the experimental setup. The laser utilized is a He–Ne
laser with wavelength 632.8 nm. A telescope (f 1  30 mm, f 2  150 mm) is employed to expand the beam to 10 mm in diameter. In order to
improve the beam quality, a pinhole P1 with diameter 500 μm is adopted to filter the laser beam. The expanded and collimated laser beam
is then steered to uniformly illuminate the surface of DMD with precise incident angle of 24° through adjustment of mirrors M1, M2. The
DMD modulates the laser profile through projection of gray scale holograms and the incident Gaussian beam was transformed to Bessel
beam through intensity modulation exerted by DMD. Then convex lens L3 (f  250 mm) is employed to collect the modulated light. A
pinhole P2 placed near the back focal plane of the lens selectively passes the first diffraction order of beam. The optical intensity profile is
digitalized and recorded by a CCD camera (MINTRON MTV-1881EX 795 × 596) mounted on a guide rail for multiplane image collection.
When performing the energy measurements, the camera is replaced by a power meter (Thorlabs, PM100D). (b) Image sequence with gray
value from 0 to 255 used to test the intensity response property of DMD. The gray scale changes gradually from black to white when
increasing the gray level. (c) Experimental results of the measured gamma response: uncorrected gamma curve (red hollow dots) and
corrected gamma curve (blue solid dots). (d) The corrected image used to generate the Bessel beam. The desired beam is formed behind
the mirrors irradiated by an expanded Gaussian beam as long as the corrected image is projected onto the DMD.

mirrors is fabricated to be approximately 0.78 μm so
that the mirrors have an excellent fill factor of about
89.5%. The optical element can be taken as the ordinary mirror when the device is powered off. While it
is turned on, according to status of the dual memory
cell that stores “1” or “0”, each mirror can move to
12 or −12 deg in terms of the main diagonal line.
These two kinds of angular positions correspond to
an “on” and “off” state, which stand for reflecting
the beam toward the rear optical system and sending
the output beam to a light absorber, respectively.
That means each mirror of DMD addressed individually serves as a light switch. The main function of the
device is to modulate the amplitude of an incident
beam. In principle, this is realized by regulating
the duty ratio, actually via binary pulse width modulation, which can be controlled by the computer using
custom software. We can easily acquire the desired
optical profile at imaging plane so long as the same
pattern is loaded on the DMD.
Experimental arrangement of the Bessel beam
generation using a DMD is illustrated in Fig. 1(a).
A He–Ne laser at the wavelength λ  633 nm
that emits Gaussian mode beam (beam waist
ω0  1 mm) with power about 13 mW serves as
the light source. A pinhole P1 with diameter

500 μm is utilized to improve the beam quality.
Lens L1 (f  30 mm) and Lens L2 (f  150 mm)
constitute a telescope, and this telescope expands
the laser beam by five times to approximately
10 mm in diameter. Two mirrors M1 and M2 are
employed to steer the collimated laser beam to uniformly illuminate its surface with precise incident
angle of 24° with respect to the normal direction of
the DMD surface. DMD modulates the amplitude
of the incident beam by means of loading a precalculated intensity pattern onto it. Consequently, the
Bessel beam is generated behind the DMD along
the optical axis. A lens L3 (f  250 mm) is exactly
placed at the position focal distance away from the
DMD to collect the reflected light. In order to obtain
the desired optical pattern, the first-order diffraction
is picked up by a tunable pinhole P2 placed near the
back focal plane of the lens L3, which prevents other
orders of diffraction including the zero-order of
diffraction from entering the detector. The detector
employed to record the far field images of beam
profile is a charge-coupled device (CCD) (Mintron
MTV-1881EX, Shenzhen, China, pixel size 6.5 μm
width, 795 pixels × 596 pixels), which at first is
placed about 10 mm after the pinhole P2. The
CCD is mounted on a movable guide rail to collect
1 July 2013 / Vol. 52, No. 19 / APPLIED OPTICS
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a series of cross-sectional distributions of the light
field. 3D distribution of the light field can be reconstructed from the cross-sectional measurements. In
the experiment, the power of the produced beams
is attenuated by neutral density filters (Thorlabs,
America) to avoid gain saturation of the CCD camera. By replacing the CCD with a power meter (Thorlabs, PM100D, S140c detector, America), we were
able to measure the laser intensity near the focal
plane of Lens L3.
Usually, the relationship between output signal
and input signal for display devices are not linear,
such as liquid crystal display, as does DMD. In order
to improve the beam quality, the optical system
should work in the linear range. First, we experimentally test the intensity response of the reflected beam
to the gray value of projected image, which is defined
as the gamma curve of the device. The experiments
are conducted by successively projecting images with
uniform gray scale from 0 to 255 (Fig. 1(b)) on the
DMD, and measuring the power of the output beam.
As a consequence, the measured gamma curve is not
linear as illustrated in the red curve of Fig. 1(c).
Therefore, we adopt image correction method
described in [40] to correct the gamma curve. The intensity response property is enhanced by means of a
correction function calculated from the previously
measured data, resulting in a linear response. With
the corrected function, we generate a corrected image
sequence with uniform gray value from 0 to 255 and
repeat the same measurements with corrected image
sequence. As is shown in blue solid dots of Fig. 1(c),
the measured gamma curve is linear after correction.
As expected, the optical setup functions well now,
and upon that condition we utilize it to produce
Bessel beams.
As for the verification of nondiffraction property of
the beam, we measure the intensity profile of the
beam in transverse planes at an interval of 1 mm
along the z axis, and subsequently reconstruct the
spatial intensity distribution of the reflected beam
for further comparison with theoretically simulated
results.

easily observe the optical distributions at different
distance using a CCD camera translated along the
z axis. As is illustrated in Fig. 2, a typical crosssectional image of the generated field, which is
recorded at a distance of z  30 mm from the back
focal plane of the convex lens L3 (Fig. 1(a)), displays
a pattern comprised of ring systems with a bright
central core. Then the one-dimensional transverse
intensity profiles of the beams can be reconstructed
from the CCD images. Corresponding graphs in Fig. 2
are measured transverse intensity profile (blue line)
and theoretically calculated Bessel beam profile
(red line) in a horizontal (right) and vertical (bottom)
section, respectively. The fitting function is with the
form of
Iρ  AJ 20 kρ ρ − ρ0   B;

(10)

where A, B, kρ , ρ0 are fitting parameters obtained
from the measured data. The center of the laser spot
is set as the origin of the coordinate, therefore,
through fitting of the gray scale along the horizontal
dashed line with Eq. (10), the parameters can be
determined as A  200a:u:, B  40a:u:, ρ0  0,
kρ  40∕mm. Generally, the experimental beam profiles show an agreement with the simulation,
although there is some distortion on the measurement mainly because of the innate phase modulation
of the DMD. This is a direct indication that the
Bessel-like beam has been successfully generated
using DMD.
As mentioned above, an ideal Bessel beam is taken
as a superposition of a set of plane waves propagating on a cone. Likewise, the Bessel beam can be
decomposed into plane waves with wave vectors
lying on the surface of a cone, and its Fourier transform is a ring in spatial frequency domain. While half
of the vertex angle of the cone can be derived from
the decomposition to provide a method to characterize the Bessel beam [44]. The angle of the form

4. Results
A.

Bessel Beam Generation

As Durnin revealed, an ideal Bessel beam can be
formed by means of a linear superposition of monochromatic plane waves propagating on a cone [1]. For
transformation of a Gaussian laser beam into a Bessel beam, we calculate the images imitating the
equivalent axicon, in which the grayscale is linear
to the radial distance, while the images are not perfect due to the nonlinear gamma response. Taking
into account of the gamma curve correction, we enhance the precalculated images to enable the desired
beam generation. Through loading the corrected image (Fig. 1(d)) onto DMD, the Bessel-like beam is
formed in the far field behind the mirrors irradiated
by an expanded Gaussian beam. Afterward, one can
4570
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Fig. 2. Representative cross-sectional image of generated Bessel
beam at a distance of z  30 mm from the back focal plane of the
convex lens (L3, Fig. 1) behind the DMD. Accompanying graphs
are radial intensity profiles (blue line) fitted to zero-order Bessel
function squared (red line) at x (bottom) and y (right) axis, respectively. The measured intensity distribution is in accordance with
theoretical predictions.

θ  sin−1 kρ ∕k, where k and kρ are the wave vector
and its transverse component, is employed to characterize the divergence of the generated Bessel beam.
According to the properties of the zeros of the Bessel
function, we can obtain [30]
θ≈

2.405λ
;
2πr0

(11)

where r0 is the first zero of the transverse intensity
profile of the produced beam and λ is wavelength. In
our experiment of Bessel beam generation, r0 ≈
60 μm is derived from the measured intensity profile
corresponding to the cross-sectional image in Fig. 2.
That means, the generated Bessel beam has an angle
of about 4 mrad.
B. Diffraction-free Behavior of the Generated
Bessel Beam

One of the major properties for Bessel beam is
nondiffraction. To verify this property, a series of
cross-sectional images were collected by a CCD
camera near the back focal plane of the projection
lens and the distance between each consecutive image was 1 mm along the light propagation direction.
Further, the pixel values for one central line was
taken from each image and all the lines were reconstructed by a custom computer program to reconstruct the intensity distribution for Bessel beam
in the x–z plane (Fig. 3(b)). As a comparison, theoretical intensity distribution along x–z plane can be

numerically simulated through BPM algorithm
(Fig. 3(a)). The experimentally created Bessel beam
was well verified via the comparison with theoretical
distribution. In addition, the 3D view of the optical
field derived from the stack of images is also shown
in Fig. 3(e), which manifests that we have experimentally reconstructed the spatial optical field of the
generated beam. All the observed results demonstrate that the structure of the produced pattern remains stable along with the beam propagation,
and this is a direct indication of the nondiffracting
characteristics of the Bessel beams.
Furthermore, in order to quantitatively characterize the nondiffracting property of the generated
beams, we employ full width at half-maximum
(FWHM) [31] of the central spot to characterize the
size of the beam, while it can be used to display the
changes of the central spot more intuitively. In order
to observe the behavior of the central spot, we first
obtain the FWHM spot size at a certain propagation
distance by numerically fitting the measured transverse intensity profile with zero-order Bessel function. In theory, the value of FWHM is 2.252∕kρ
derived from Eq. (10) for a zero-order Bessel beam.
Then the spot size can be obtained by substituting
the parameter kρ with fitting result, for instance,
60 μm (FWHM along x axis) corresponding to the profile in Fig. 3(c). Theoretically, the dimension of the
central spot keeps constant for the ideal Bessel
beams, while the spot size is variable along with
the beam propagation experimentally. According to

Fig. 3. Simulation and experimental results for nondiffraction behavior of Bessel beam. (a) Simulation results of optical intensity profile
at x–z plane. A free-space BPM is adopted to calculate the spatial optical intensity distribution. (b) Experimental results of optical intensity profile at x–z plane, which demonstrates the intensity evolution of the generated beam along with propagation. (c) The transverse
intensity profile (blue) of the generated beam at 25 mm (Line 2) and its fitting curve (red). The FWHM (2.252∕kρ ) obtained from the fitting
result is 60 μm, and the range of nondiffraction can be derived from measurement to be about 50 mm. (d) The normalized on-axis (Line 4)
intensity versus propagation distance of the generated Bessel beam (blue curve) and the simulation on-axis (Line 3) intensity (red curve)
corresponding to Line 3. (e) 3D plots of the optical distribution of a generated Bessel beam through analysis of the cross-sectional images.
The cross-sectional images are captured at an interval of 1 mm by translating the CCD camera from back focal plane of the projection lens
along the beam path.
1 July 2013 / Vol. 52, No. 19 / APPLIED OPTICS

4571

the above method, the FWHM for different propagation distance is obtained and further measurement
reveals that the Bessel-like beam extends at least
50 mm along optical axis while the transverse dimension of the central spot nearly remains invariant.
Compared with a Gaussian beam with equivalent
spot size, it is much longer than the Rayleigh range
ZR  πω20 ∕λ ≈ 17.8 mm of the Gaussian beam.
Moreover, the normalized on-axis intensity versus
propagation distance of the resulting beam is also
investigated as illustrated in Fig. 3(d). Corresponding to central intensity of a Gaussian beam at
Rayleigh range (quarter of the maxima), the intensity value appears at about 50 mm for the generated
beam. The experimental data proves that we have
generated a Bessel-like beam with a very large
axial distance, which is useful for super-resolution
microscopy and optical manipulation deep inside
the live biological sample.
C.

Self-Healing Property

In principle, even obstructed, the transverse intensity distribution of the Bessel light beam will be
reconstructed behind the obstacle owing to the
remarkable ability of self-healing [48]. In order to
experimentally testify this unique behavior, we
utilize a glass slide with an ink dot, whose diameter
is about 400 microns, as an obstacle placed directly
in the beam path to block the central portion of
the beam, and observe the self-healing effect by
reconstruction of 3D spatial distribution of the field

in presence of the perturbation. Likewise, a series of
cross-sectional images are captured at an interval of
1 mm within a range of 60 mm using a CCD camera,
then the spatial intensity distribution of the optical
field after disturbance is investigated. As is illustrated in Fig. 4(b), intensity distribution in x–z plane
is shown as the beam propagates behind the obstruction. The intensity of the central portion increases
gradually behind the obstacle until the bright central
spot appears and remains its intensity for a long distance, revealing the self-reconstruction ability of the
generated beam. To compare the measured results
with the theoretical predictions, we adopt the BPM
algorithm to simulate the propagation of the light
electric field behind the obstruction, and the simulation result is shown in Fig. 4(a), and the simulation
shows a good agreement with the measured results.
Further, in order to verify that the reconstructed
beam is a Bessel beam, we investigated the transverse profiles of distorted beam in detail. First the
transverse profile (blue curve) at the focal plane
just behind the obstacle is shown in Fig. 4(c) together
with the simulation result (red curve), indicating
that the central part of the Bessel beam is obstructed. Then we observed the behavior of the
distorted beam along the propagation direction at
several certain distances. The experimental intensity profiles (blue curve) at 14 and 33 mm behind
the obstruction are shown in Figs. 4(d) and
4(e), and the red and purple curves are simulation
and fitting results, respectively. Direct comparison

Fig. 4. Self-healing results of the generated Bessel beam. (a) Simulated intensity distribution of the obstructed beam at x–z plane.
The sizes of the Bessel beam and the circular opaque obstacle are about 700 and 400 μm, respectively. (b) Experimental intensity profile
of the Bessel beam at x–z plane in presence of an obstacle. An ink dot fixed on a glass slide with diameter of about 400 microns is used as an
opaque obstacle placed directly in the beam path to block the central portion of the beam. (c) The simulated (red curve) and measured (blue
curve) transverse intensity profile of the obstructed beam just behind the obstacle in the focal plane (1 and 1′). The central portion is
obstructed, which can be seen from the plot. (d) The measured (blue) and simulated (red) transverse intensity profiles of the obstructed
beam at 14 mm (2 and 2′) behind the obstacle. (e) The transverse intensity profile (blue) of the obstructed beam at 33 mm behind the
obstacle, accompanying with the simulating (red) and theoretical (purple) curves (3 and 3′).
4572
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shows that the transverse profile at 14 mm agrees
with the simulation, but is not as good as the profile
of a Bessel Beam, because the distorted beam is in
the process of self-healing. While the experimental
transverse profile at 33 mm agrees with simulation, indicating that the distorted beam has selfconstructed to be a Bessel beam. All the experiments
demonstrate that the Bessel-like beam with selfhealing property can be generated with DMD.
5. Discussions

As mentioned in the subsection of Bessel beam generation, the produced Bessel mode beams have some
distortion compared with theoretical ones. There are
many reasons resulting in this phenomenon, such as
the angle deviation of incident beam relative to
DMD, the quality of the calculated images, the mode
quality of coherent light, disturbance of the stray
light, phase modulation of DMD. Among them, the
phase modulation of DMD and the angle deviation
of incident beam are the dominant factors in our
experiment. In the following, we will briefly discuss
these influence factors.
The DMD has inherent phase modulation though
we regard the device as an amplitude-only SLM.
Phase modulation of the incident beam by DMD is
so complex that we consider a simple situation where
all mirrors are in the “on” state. Then a DMD is
actually an analogue of two-dimensional diffraction
grating [49], illustrated in Fig. 5. First we introduce
the concept of main-diagonal and side-diagonal,
corresponding to rotation direction of the mirrors
(magenta dashed line) and its perpendicular direction (blue dashed line). The mirrors along the
main-diagonal remain in the same plane after
rotation, while those along the side-diagonal are in
different planes. Therefore, mirrors along the line
parallel to the main-diagonal are modeled as an onedimensional mirror array, and those along the line
parallel to the side-diagonal can be taken as a blazed
grating structure with blazing angle of φ (rotation
angle, depicted in the bottom of Fig. 5), and
pthese
two gratings have the same constant of 2d0 ∕2
(d0 is the mirror spacing). As a consequence, the incident beam is subjected to complex phase modulation exerted by DMD. According to Fraunhofer
diffraction, the intensity of diffraction field after
modulation with all mirrors on can be calculated
with the form of [50]
sin2 2Mu0  sin2 2Nu00 
I  A20 d40
sin2 u0
sin2 u00
2 0
2 00
× sinc ν  · sinc ν ;

(12)

where
u0 

πd0
sin θ cos ϕ − sin θ0 cos ϕ0 ;
λ

(13a)

u00 

πd0
sin θ sin ϕ − sin θ0 sin ϕ0 ;
λ

(13b)

Fig. 5. Schematic diagram of DMD modeled as a 2D diffraction
grating. Coordinate system x; y; z with the origin at the center of
the rectangular DMD is established for calculation of diffraction
field. 2M  1 × 2N  1 square mirrors with mirror spacing d0
is considered to form the device, and each mirror is encoded by
the location of its center. Each mirror addressed individually
can tilt either 12 deg (“on”) or −12 deg (“off”) along the maindiagonal (magenta dashed line). With all mirrors on, mirrors
along the lines parallel to the main-diagonal are taken as a
one-dimensional plane mirror array, while those along the lines
parallel to the side-diagonal (blue dashed
line) are modeled as a
p
blazed grating with constant of 2d0 ∕2 and blazed angle of
φ  12°, depicted at the bottom of the figure. The red lines stand
for incident ray and diffraction ray, and the diffraction angle is θ.
Top right graph demonstrates a local coordinate system ξ; η; ς
introduced in the m-n-th mirror, which can be transferred into a
spherical coordinate r; θ; ϕ.

ν0 

ν00 


πd0
sin θ cos ϕ − sin θ0 cos ϕ0 
λ

tan φ
 p cos θ − cos θ0  ;
2

πd0
sin θ sin ϕ − sin θ0 sin ϕ0 
λ

tan φ
p

cos θ − cos θ0  :

2

(13c)

(13d)

θ0 ; ϕ0  and θ; ϕ are the angles between incident ray
and diffraction ray with respect to ς and ξ axis, respectively. ξ; η; ς is a local coordinate system established on the m-n-th mirror, illustrated at the top
right corner of Fig. 5. The expression indicates the
intensity distribution indeed has the similar form
with the diffraction field of a two-dimensional
diffraction grating. Optical distribution is not uniform behind the DMD and the diffraction energy
tends to be concentrated due to the modulation of
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sinc functions. Moreover, in our experiment not all
the mirrors are in “on” state, which means that more
complicated phase modulation is involved. This will
influence the precision of intensity modulation and
will consequently distort the wave front of generated
Bessel beam.
In addition, the angle between the incident beam
and the normal of DMD has a great impact on the
beam generation. The diffraction of DMD can be
analyzed using two-dimensional blazed grating
theory, so the Fourier transform pattern of the twodimensional array surface determines the envelope
of diffraction [51]. The locations of envelope depend
on the wavelength, the pixel pitch of micromirror and
the incident angle. In our experiment, the wavelength and the grating pitch are fixed. Therefore,
the incident angle influences the intensity distribution in beam generation. With adjustment of incident
angle, the phase difference of optical rays reflected
from neighboring mirrors varies, which results in
the change of diffraction energy distribution. That
means the optical field will be subjected to unexpected phase modulation.
Although the DMD has undesired phase modulation and the micromirror is subjected to angular fluctuation, it has been utilized to successfully generate
Laguerre–Gaussian beam [40,41], and our experimental achievement of zero-order Bessel beams is
another evidence that this device can convert
the Gaussian mode into those modes with novel
characteristics. It is worth to mention that the
produced Bessel-like beams in our experiment demonstrate obvious properties of nondiffraction and
self-reconstruction, which is most important for
actual applications. Furthermore, we believe that
our work also provides a potential way for generation
of other complicated beam structures, such as Bessel
beams with arbitrary trajectories [52] and cylindrical
vector beams [53].
6. Conclusion

To summarize, we have proposed a simple and efficient approach for zero-order Bessel light beam
generation using a commercial DMD. In the experiment, the collimated Gaussian beam is transformed
into a Bessel-like beam through the DMD projected
with a corrected axicon-like pattern. The output
beam has the zero-order Bessel function profile in
the far field, and the divergence of the generated Bessel beam is characterized to be 4 mrad. In addition,
we experimentally reconstructed the 3D spatial optical field of the generated beam from a stack of crosssectional images. On this basis, the nondiffracting
and self-healing behaviors were investigated to further verify the beam characteristics. We analyzed
the central spot intensity and FWHM for different
propagation distances, and the results show that
the generated beam can extend at least 50 mm while
the lateral dimension (FWHM) of the spot remains
about 60 μm, much longer than the Rayleigh range
of a Gaussian beam of the same size. Moreover,
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obvious self-healing behavior was observed when
an opaque slide with pattern was placed directly
in the beam path to partially distort the produced
beam. All the experimental results show a good
agreement with theoretical predictions numerically
calculated through the BPM method. Although there
is some distortion between the produced beams and
theoretical ones due to the innate phase modulation
of the DMD, the generated quasi-Bessel beams demonstrate distinct behaviors of nondiffracting and selfhealing, which will enable extensive applications in
optical trapping, In vivo imaging, nonlinear optics,
and materials processing.
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