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Abstract Non-Gaussian beam profiles such as Bessel or an-
nular beams enable novel approaches to modifying materials
through laser-based processing. In this review paper, proper-
ties, generation methods and emerging applications for non-
conventional beam shapes are discussed, including Bessel, an-
nular, and vortex beams. These intensity profiles have important
implications in a number of technologically relevant areas includ-
ing deep-hole drilling, photopolymerization and nanopatterning,
and introduce a new dimension for materials optimization and
fundamental studies of laser-matter interactions. R
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Bessel and annular beams for materials processing
Marti Duocastella and Craig B. Arnold*

1. Introduction

1.1. General laser processing

Lasers have become indispensible for materials processing
in scientific and industrial applications. They offer a highly
directional and localized source of energy, which facilitates
materials modifications at precise locations [1]. Modern
laser systems are also flexible, in the sense that it is relatively
easy to adapt parameters such as the beam size or the beam
energy to specific requirements, and systems can be scaled
up to provide high throughput processing over multiple
length scales [2].

The typical laser parameters that are controlled for ma-
terials processing include energy, fluence (energy per unit
area), spot size, wavelength, polarization and, in the case
of pulsed lasers, pulse duration and repetition rate [3, 4].
The role of these parameters on the resulting structures and
properties has been widely studied, both experimentally and
theoretically [3, 5, 6] and such understanding is essential in
order to determine the optimum processing conditions. For
example, laser fluence can affect the grain size of polycrys-
talline silicon (poly-Si) obtained through laser annealing
of amorphous silicon. This factor can drastically influence
the performance of poly-Si devices such as thin film tran-
sitors [7]. The response of biological tissues is dependent
upon the laser wavelength, affecting the performance of
surgical techniques such as Laser In Situ Keratomileusis
(LASIK) [8]. Beam polarization can influence absorption
in a given material [9], affecting the resultant structures
achieved through techniques such as laser cutting or weld-
ing [10]. The rate at which energy is delivered in a material
also affects the modification process [11]. In particular, the

laser pulse duration can have a significant effect on the ma-
terial removal dynamics. This leads to a more rapid ejection
of material with a smaller heat affected zone as the temporal
pulse length is shortened [12].

The control and influence of other laser parameters is
less common yet these can also be important factors in ma-
terials processing. One of these is the laser beam shape,
defined as the irradiance distribution of the light when it
arrives at the material of interest [13]. Although some laser
systems emit a multimode beam with a complex intensity
distribution, most commercial lasers provide either a Gaus-
sian intensity profile (Fig. 1a), a “Top-hat” intensity profile
(Fig. 1b), or are modified to fall into one of these two cate-
gories.

1.2. Gaussian and Top-hat beams

Gaussian beams are by far the most common beam shape
used in materials processing. Notably, the Fourier transform
remains a Gaussian and thus preserves its shape as it passes
through an optical system consisting of simple lenses. This
is especially important in laser processing, where multiple
optical elements are typically employed to guide the laser
radiation to the workpiece.

Most lasers operate in the fundamental transverse elec-
tromagnetic mode of the cavity (TEM00), and additional
elements are not needed to modify the beam shape. Since
the output of a finite cavity will have some non-ideal charac-
ter, a quality factor M2 (M2 � 1) is defined which indicates
how close a real beam is to a perfect Gaussian beam (M2=1).
Typical scientific, solid state laser systems have M2 less
than 2, however, industrial lasers with M2 less than 10 are
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Figure 1 (online color at: www.lpr-journal.org) 2- and 3D intensity
distributions of: (a) Gaussian beam; (b) Top-hat beam; (c) Bessel
beam; (d) annular or doughnut beam.

still considered to be high quality Gaussian sources [14]. A
common approach to improving the beam quality is to em-
ploy spatial filters [15]. However, for laser processing, the
use of a pinhole is less desirable as it reduces the available
energy, requires precise alignment, and can be damaged by
high laser intensities.

An important property of Gaussian beams for materials
processing is their low divergence, which allows for a small
focused spot [16]. In fact, when focusing a Gaussian beam
in air using a lens with a given numerical aperture NA the
beam diameter at the focus (d f ) can be expressed, as [1]:

d f ≈ 2
λ
π

M2

NA
(1)

where λ is the wavelength of the laser radiation and we
have assumed that the beam fills the lens aperture (1/e crite-
rion). Therefore, Gaussian beams with M2 close to 1 allow
for a minimal spot size and thus enable a higher resolution
than other, higher mode beams. According to Eq. (1), for a
perfect Gaussian beam with a wavelength of 1064 nm (com-
mercial Nd:YAG laser) focused through an objective with
a NA of 0.5, one can achieve a focal spot size as small as
1.4 μm. This makes Gaussian beams ideal for microfabrica-
tion applications.

Another important factor in the laser processing of ma-
terials related to beam divergence, is the depth of field (z f ).
In the context of materials processing, we can think of it

as the distance a workpiece can be moved away from the
beam waist while still maintaining the focal beam size. More
specifically, it can be defined as the Rayleigh range, zr [17]:

z f = zr ≈ π
4λ

d2
f

M2
. (2)

zr represents the distance from the beam waist along the
propagation direction at which the beam doubles its cross
sectional area. For a 1064 nm laser with a Gaussian beam
shape focused to a spot of 1.4 μm, the depth of field would
be approximately 1.4 μm. Compared to other cavity beam
modes, low M2 beam have a relatively large depth of field,
but under strong focusing conditions, the depth of field can
still be too short for many industrially important process-
ing applications.

Top-hat beams are also widely used for materials pro-
cessing applications. For instance, excimer lasers generally
produce a Top-hat output with varying degrees of unifor-
mity across the beam. Alternatively, optical elements are
used such as beam shapers when the output beam from the
laser cavity is a Gaussian or homogenizer systems when the
output is multimode. In comparison to Gaussians, Top-hat
beams have an M2 value much higher than 10. Thus, from
Eqs. 1 and 2 it can be deduced that the minimum spot size
will not be as small as with Gaussian beams, and that the
depth of field will not be as long. However, the improved spa-
tial uniformity of Top-hat beams present important benefits
for specific materials processing applications in comparison
to Gaussian beams [18]. This accounts for the preference of
this type of beam for heat treatments such as laser anneal-
ing [19], materials deposition such as in pulsed laser deposi-
tion [20], welding applications with improved weld quality
and repeatability [21], and even photolithography [22].

One of the major challenges associated with Top-hat
beams is that unlike Gaussians, they do not maintain their
shape as they propagate, and thus they only present a uni-
form intensity distribution near the focal point or imaging
location of the optical system. Outside this zone, the beam
profile and quality vary, which can lead to nonuniform pro-
cessing and undesired effects.

1.3. Need for other beam shapes

Non-conventional beam shapes have the advantage that they
can be explicitly designed to meet the requirements of a
given material configuration or application that could not be
feasible with either Gaussian or Top-hat beams. An example
can be found in the use of photomasks for large array hole
drilling for thin film transistor displays [23]. The photomask
shapes a Top-hat beam into an array of beamlets, each with
a uniform intensity distribution. Due to its parallel nature,
this method reduces the processing time, and the uniform
intensity distribution of each spot creates features with sharp
edges. Beam shaping can also be an advantage in laser direct
writing techniques such as laser-induced forward transfer
(LIFT). In this technique, laser pulses are used to deposit
volumetric pixels of material (voxels) from a donor film to
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a receiver substrate [24]. Traditionally, LIFT is performed
with Gaussian [25] or Top-hat beams [26] that enables the
fabrication of patterns through the successive deposition of
voxels with computer controlled positioning accuracy. How-
ever, recently, it has been demonstrated that one can deposit
voxels with the specific shape of the incident beam [27].
In this way, complex patterns can be directly printed by
arbitrarily shaping the beam, reducing the processing time
and enabling high-throughput parallelization.

The possibilities that laser beam shaping offers are not
limited to the previous examples, nor the field of materi-
als processing. In fact, different beam shapes have been
successfully used in several areas. For instance, the use
of non-conventional beam shapes in optical manipulation,
such as Bessel beams [28, 29] or Airy beams [30], has al-
lowed the simultaneous trapping of several particles at the
same time or the transport of 60 μm microspheres over a
distance of half a meter. Such performance is not possible
with either Gaussian or Top-hat beam shapes. In atom op-
tics, Laguerre-Gaussian or optical vortex light beams have
been successfully used for atom guiding [31–33], and it
has been demonstrated that Bessel beams can produce elon-
gated atom traps not achievable with Gaussian beams [34].
The use of annular beams combined with Gaussian beams
has enabled novel imaging techniques such as stimulated
emission depletion (STED) microscopy [35, 36]. Finally,
for novel applications in biology such as cell transfection
through optoinjection, the use of Bessel beams obviates the
need for accurate focusing on the soft cell membrane, thus
making the overall process more efficient [37, 38].

One of the things to keep in mind with structured beams
for materials processing is that most methods of shaping
the beam inevitably reduce the amount of energy available
for modification. In this respect, Gaussian beams have an
advantage over any other beam shape as discussed above.
However, the trade-off of reduced power associated with
shaped beams may be more appropriate in certain cases,
due to the unique material responses that they can generate.
Therefore, beam shaping can be considered an important
controlling parameter in the pursuit of process optimization,
as well as a viable approach to increase the flexibility of
lasers, expanding their use in new and interesting directions.

1.4. Statement of paper direction

This present paper reviews emerging applications of Bessel
and annular beams in materials processing. These two
beams are closely related through their Fourier transform
and exhibit unique properties that open the door to numer-
ous opportunities in research and industrial applications.
Such properties are discussed along with an analysis of
the advantages and disadvantages these intensity profiles
present. In the first section of this review, the properties and
the methods to generate these beams are presented. Next, we
review recent work in materials processing for which Bessel
and annular beams are employed. Finally, we conclude with
a discussion of the future outlook for Bessel and annular
beams laser processing.

2. Bessel and annular beams

For the purposes of this paper, we define a Bessel beam to
mean a beam whose electric field is explicitly described by
a zeroth-order Bessel function of the first kind (J0):

E(r,ϕ,z) = A0 exp(ikzz)J0(krr) (3)

where r and ϕ are transverse and polar coordinates, z is the
coordinate in the propagation direction, and kz and krare
the longitudinal and radial wavectors. More generally, the
term Bessel beam could refer to higher order functions
although we ignore those here. Since the beam intensity is
proportional to the square of the electric field for a Bessel
beam,

I(r,ϕ,z) ∝ J2
0 (krr) , (4)

this beam does not appear as a single spot, but rather as a
series of concentric rings (Fig. 1c). Another way to think
about a Bessel beam and its “bulls-eye” pattern, is to con-
sider its formation as the result of the interference of plane
waves with wave vectors belonging to a conical surface. A
region of self-interference develops in which the Bessel pat-
tern emerges due to cylindrical symmetry. It should also be
pointed out that, according to Eq. (4), the number of rings
of a Bessel beam should be infinite. However, in laboratory
generated Bessel beams the presence of finite apertures pro-
duces Bessel beams with finite dimensions. In the present
paper only these ‘finite Bessel beams’, also referred to as
quasi-Bessel beams [39], will be considered. It is impor-
tant to note that in the far field, as the separation between
the wavevectors increases, the beam intensity in the central
axis decreases and eventually attains a null value, which
corresponds to an annular beam.

An annular beam, also called doughnut-shaped beam,
is a beam with an intensity distribution concentrated in a
ring with no on-axis intensity, as represented in Fig. 1d.
There exist multiple sorts of annular beams depending on
the irradiance distribution within the annulus. For instance,
the distribution can be constant in r and θ , in which case the
annular beam is described by the equation:

I(r,θ) =

{
I0 ri � r � ro

0 rest of points
(5)

where I0 is the intensity within the annulus, r and θ are the
polar coordinates, and ri and ro the input and output beam
radii, respectively. More commonly, annuli with a Gaussian
profile in the r direction are generated. The equation that
describes such beams is:

I(r,θ) = I0 exp

(
−2

(r− rc)
2

ω2

)
(6)

where I0 is the maximum intensity of the beam, rc is the
position of I0, and ω is the beam waist. An annular beam
can also be formed by subtracting two Gaussian beams of
the same maximum intensity but with different beam waists.
In this case, the resulting beam intensity would be:

I(r,θ) = I0

[
exp

(
−2r2

ω2
1

)
− exp

(
−2r2

ω2
2

)]
(7)
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where, ω1and ω2 correspond to beam waists of the two
Gaussian beams.

A related structure to the annular beam is the so-called
optical vortex (OV) beam. The discovery that a beam of
light with a well-defined orbital angular momentum can
be created rather easily in a laboratory [40] opened up the
possibility to study the role of this new optical parameter in
light-matter interactions [41]. An OV beam takes advantage
of this property and is defined as a beam whose phase varies
azimuthally along the direction of propagation. OV’s are
characterized by their topological charge (m), which cor-
responds to the number of twists in the phase front within
one wavelength. Due to the twisting of the phase front, the
phase in the beam center is multiply defined, giving rise to
an optical singularity that produces a vanishing amplitude
at this point [42] giving the appearance of an annulus in
intensity.

It is important to note that the literature tends to take a
general view to the term “annular beam” and uses it to refer
to any beam with a null intensity along the beam axis such
as OV beams. For instance, first order Bessel beams [43],
whose intensity is proportional to the square of a first or-
der Bessel function (J1), or higher order Laguerre-Gauss
modes [44] fall into this category. Such different annular
beams can lead to unique material responses [45] and there-
fore one must use care in distinguishing experiments em-
ploying this general class of intensity profile.

2.1. Properties of Bessel and annular beams

A detailed description of the properties of Bessel beams can
be found in [34] and [39]. Perhaps the most important opti-
cal property for materials processing is the extended depth
of field of Bessel beams. This ‘nondiffracting’ effect occurs
as a result of minimal spreading in the central lobe during
wave propagation [46, 47]. Such behavior is illustrated in
Fig. 2, in which an incident Gaussian beam either propa-
gates through a converging lens to its focus, or is shaped
into a Bessel beam. The elements are selected such that
the beam waist of the Gaussian is the same as the width of
the central lobe of the Bessel beam (Fig. 2a). Although the
maximum intensity along the principle axis is lower in the
case of the Bessel beam, the FWHM along the z-direction
is orders of magnitude greater (1 cm vs 0.01 cm).

In fact, the Rayleigh range for a Bessel beam can be
approximated as:

zBessel ≈ πDd f

4λ
(8)

where D is the diameter of the aperture, d f the diameter of
the central lobe, and λ the laser wavelength [48]. Comparing
Eq. (8) with the corresponding Rayleigh range of a Gaussian
beam (Eq. (2)), it can be observed that Bessel beams have a
much larger Rayleigh range when D � d f , as it is usually
the case. Thus, Bessel beams exhibit a greater depth of field
than Gaussian beams. The cost of this increased depth of
field is that optical energy is distributed among the rings in

Figure 2 (online color at: www.lpr-journal.org) Simulations of
the intensity distribution along the propagation distance z from
the focusing objective of: (a) a Bessel beam generated using an
axicon (wedge angle of 12o) to focus a Gaussian beam (532 nm,
ω0=1 mm) (b) same Gaussian beam focused using a microscope
objective (NA of 0.25). Although the central lobe of the Bessel
beam and the Gaussian beam have the similar radial dimensions,
their differences are evident: the Bessel beam exhibits a longer
depth of field, whereas the maximum intensity of the Gaussian
beam in the focal region is higher.

the pattern and so the nondiffracting property of a Bessel
beam comes at the expenses of power and contrast [46].
However, as we will see below, the benefits of high-depth
of field for applications such as deep hole drilling or manu-
facturing on uneven surfaces outweighs these trade-offs.

A second optical property of Bessel beams that is their
ability to reconstruct after an obstruction [28], in an effect
that is commonly called ‘self-healing’. This can be under-
stood by considering the construction of a Bessel beam as a
superposition of plane waves propagating on a cone. In this
way, if an obstacle is placed in the center of the beam, it will
block some of the rays, but others will interfere again after
the obstruction and reform the beam. This unique property
can help to mitigate effects of debris and other products of
the laser processing that can partially block incident beams.
With conventional beams, such blocking can result in pro-
cessing nonuniformities.

In the case of annular beams, the null intensity on-axis
has important implications for thermal and mechanical ef-
fects in materials [49, 50]. This is demonstrated in Fig. 3,
where we simulate the temperature profiles of silicon af-
ter 333 μs of irradiation with a CW laser with a Gaussian
beam (beam waist 800 μm), a Top-hat beam (diameter of
800 μm) and with an annular beam (exterior beam diame-
ter 800 μm). The Gaussian beam produces a temperature
increase mainly in an area localized by the beam waist. The
same occurs with a Top-hat beam, although the lateral ex-
tent of the heated area is greater. When using an annular
beam, the lateral spreading of the heated area is still larger
while the maximum temperature rise is lower in the center.

© 2012 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.lpr-journal.org
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Figure 3 (online color at: www.lpr-journal.org) Simulations of
the temperature profiles in silicon at 333 μs after depositing 1 J
of energy, assuming an absorption depth of 1 μm for: (a) Gaus-
sian beam; (b) Top-hat beam; and (c) annular beam. (Thanks to
Matthew Brown for generating this figure.)

These differences in the temperature profiles are crucial for
applications in which temperature is a key parameter, such
as laser heat treatment or laser hardening. It is also worth
mentioning that when a material is irradiated with a CW
laser beam with an annular shape, the induced stress in the
center of the irradiated area is minimal [51], a phenomenon
that does not occur with other beam shapes, and one that can
be employed in processes such as glass cutting for which
controlling stress is desired.

2.2. How to generate Bessel and annular beams

2.2.1. Aperture based methods

Bessel and annular beams can be generated using apertures.
In fact, the first experimental realization of a Bessel beam

Figure 4 (online color at: www.lpr-journal.org) A plane wave is
used to illuminate an annular aperture situated in the back focal
plane of a convergent lens. As a result, a Bessel beam is formed
in the image plane [48].

was achieved using this method [48], an annular slit was
situated in the back focal plane of a convergent lens and was
illuminated with a plane wave (Fig. 4). The electric field at
the aperture plane can be written as:

Eslit = Aiδ (r− rs) (9)

where Ai is the wave amplitude, δ is the Dirac delta function,
and rs the slit diameter. The electric field at the front focal
plane of the lens is proportional to the Fourier transform of
the incident electric field [52]. Due to the circular symmetry
of the system, this Fourier transform can be written as a
Fourier-Bessel transform,

Efront (r) =
2π
iλ f

∫ ∞

0
r′Eslit

(
r′
)

J0

(
2πr′ρ

)
dr′ (10)

where the Fresnel diffraction formula has been employed,
and ρ = r/λ f , with λ being the plane wave wavelength and
f the lens focal distance. The solution of Eq. (10) is:

Efront (r) = Ai
2πrs

iλ f
J0

(
2πrsr

λ f

)
(11)

which has the same form as Eq. (3), the definition of a Bessel
beam.

Although successful in generating a Bessel beam, this
method, is highly inefficient since the aperture blocks most
of the incident radiation. This reduction in the available en-
ergy is unsuitable for applications where high intensities are
needed. Thus, for materials processing applications, other
methods are generally more desirable.

Annular beams can also be generated using apertures.
Apart from the annular beam encountered in the far field
of any finite Bessel beam, the introduction of an additional
lens in the previous setup also allows the generation of
annular beam. The lens will produce the Fourier transform
of a Bessel beam, which is an annular beam. Again, the
low throughput of this configuration is not favorable for
materials processing.

2.2.2. Axicons

An axicon, or conical lens element, as shown in Fig. 5 is
perhaps the most convenient and cost-effective way to gen-
erate a Bessel beam [53]. In this case, the incident beam
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Figure 5 Creation of a Bessel beam
using an axicon illuminated with a Gaus-
sian beam. If a convergent lens is placed
after the axicon, an annular beam is pro-
duced in the lens focal plane.

is refracted in order to produce the interference pattern de-
scribed earlier. This approach provides a more optically
efficient way to produce a Bessel beam than aperture-based
methods. However, the alignment between the incident laser
beam and the axicon is a critical issue, which can result in
nonuniformities if not properly aligned [31]. Usually, the
incident beam is Gaussian, in which case the resulting beam
after the axicon is called Gaussian-Bessel, and its intensity
profile is [54, 55]:

I(r,z) = 2kπ
(
tan2 α

)
(n−1)2zI0e−2(n−1)z tanα/ω0

× J2
0 (kr(n−1) tanα) (12)

where r and z are the radial and longitudinal coordinates,
I0 and ω0 are the intensity and beam waist of the incident
Gaussian beam, k is the wave vector, n the index of refrac-
tion of the axicon material, and α is the wedge angle. This
equation can be equivalently written in terms of the cone
angle β at the tip of the axicon. Using Eq. (12) one can
determine the width of the central lobe by finding the first
zero of the Bessel function. This yields,

d f =
2.4a

k(n−1) tan(α)
(13)

where a is a constant of order unity. Substituting this into
Eq. (8) for the Rayleigh range gives

zr ≈ D
2(n−1) tan(α)

. (14)

Therefore, the wedge angle of an axicon ultimately deter-
mines the waist and extent of the central lobe of the Bessel
beam [56], with smaller angles corresponding to wider lobes
and longer “diffractionless” propagation. For typically im-
plementations in materials processing, this wedge angle is
small (< 0.1 rad).

Annular beams can also be formed with an axicon in
two different ways. The first one is to simply place the work-
piece at a distance far enough from the axicon in order to
encounter the far-field profile of the axicon which corre-
sponds to an annulus. Alternatively, one can combine the
axicon with another focusing element to create an annulus
at the focal plane of the system [57]. The outer diameter of
the annulus generated in this way is given by:

d = 2F tan(α (n−1)) (15)

where F is the effective focal length of the lens [58]. This
latter approach enables greater control over the size and
shape of the annular beam.

Axicons can be either refractive or diffractive with the
former ones being widely adopted due to the relative simplic-
ity of fabricating them. Recently, researchers have shown
the ability to produce a fluid based tunable device that allows
one to control the wedge angle of the axicon [59]. Diffrac-
tive axicons are similar in construction to Fresnel lenses, and
have the advantage of being thinner than refractive axicons.
Additionally, for ultrashort pulses commonly encountered
in materials processing, beams created by diffractive meth-
ods are less likely to suffer broadening due to non-linear
characteristics of the lens material [60].

2.2.3. SLM based methods

A spatial light modulator (SLM) is a digital device that
modifies the phase and/or intensity of an incoming laser
beam. These devices have become popular for their abil-
ity to produce arbitrary beam profiles and holograms for
wide-spread applications in processing and imaging [61,62].
One can easily produce a phase pattern in an SLM that cor-
responds to a diffractive axicon, and as a result, the SLM
will generate Bessel or annular beams with user-defined
wedge angles [63]. It is also possible to imprint a helical
ramp phase with a central singularity [64], which allows the
direct formation of an optical vortex beam. There are differ-
ent types of SLMs, such as magneto-optic SLMs [65], de-
formable mirror SLMs [5], or liquid crystal (LC) SLMs [66].
Although providing the widest range of intensity profiles,
these devices tend to have relatively low damage thresh-
olds limiting their applicability in materials processing to
low average power processes. The incorporation of a cool-
ing system can help increase the damage threshold and has
enabled the use of higher powered nanosecond lasers for
micromachining using SLMs [67].

2.2.4. TAG lens

A tunable acoustic gradient (TAG) lens provides an alter-
native adaptive optical method of creating a user-defined
Bessel or annular beam. In the TAG an acoustic field is
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Figure 6 (a) Index profile of the TAG lens at
one instant in time and (b) half-period later in time.
(c) Multiscale Bessel beam created by the TAG
lens. The TAG lens is driven at a frequency of
257 kHz, and a CW green laser is used for illumi-
nation [72].

generated in a liquid chamber leading to a periodically vary-
ing index of refraction profile in the device [68–71]. When
using a cylindrical chamber, this index can be written as

n(r, t) = n0 +nAJ0

(ωr
v

)
cos(ωt) (16)

where n0 corresponds to the static refractive index, ω to the
driving frequency, v to the speed of sound in the fluid, and
nA is a constant that depends on the physical properties of
the medium and the driving voltage amplitude (Fig. 6a,b).
When light passes through this index of refraction profile,
it is transformed into a multiscale Bessel beam [68] where
a central Bessel beam is formed surrounded by additional
Bessel-like rings (Fig. 6c) [72]. The particular output pattern
of the TAG lens can be selected by synchronizing a pulsed
laser with the phase of operation of the TAG. Under the
appropriate conditions, it can provide a simple Bessel or
annular beam to be used for materials processing or imag-
ing [73–75]. The properties of the TAG generated beam
can be modified by varying the frequency and/or ampli-
tude of the lens driving signal. These parameters can be
rapidly changed and as such, the switching time of the TAG
lens is on the order of microseconds [76], which makes it
significantly faster than commercial SLMs.

2.2.5. Optical fibers

Optical fibers have been recently reported as a valid alter-
native for the generation of Bessel or annular beams. The
main advantage of optical fibers compared with the previous
methods is the lack of free-space elements, which facilitates
integration in miniaturized systems. Moreover, they have
an added benefit in their inherent compatibility with the
rapid developing fiber lasers for materials processing appli-
cations [77].

There exist multiple approaches to generate Bessel
beams using optical fibers. For instance, one can fabricate
an axicon on the tip of a fiber using chemical etching meth-
ods [78,79] or by appropriately polishing the fiber tip [80]. A
Bessel beam can also be obtained by using a hollow optical
fiber with a polymer converging lens in its tip, in an analo-
gous way to the aperture method described in 2.2.1 [81]. The
use of multimode (MM) fibers provides a different approach
to generate higher-order Bessel-like beams. In MM fibers
the excited modes, represented as LP0,n (n being the radial

index) correspond to zeroth order Bessel functions. Thus,
the propagation of light in MM fibers produces interferences
between different fiber modes that result in a Bessel-like
beam with non-diffracting characteristics [82, 83]. Alterna-
tively, it is possible to design a fiber that selects a single
high-order fiber mode (LP0,n,n>5), which is accomplished
using long period fiber gratings [84, 85]. This approach of-
fers a high conversion efficiency and allows the formation
of beams with a high similarity to ideal Bessel beams [86].

Annular beams can be generated using any of the fiber-
based approaches mentioned above at the far-field of the
fiber output. In addition, there exist inherent annular beam
generation methods using optical fibers. For instance, a fiber
with a small hollow in its center produces these beams [87].
It is also possible to obtain an annular beam at the output of
a MM fiber (with a parabolic refractive index) illuminated
with an input beam that presents a certain incidence angle
with respect to the fiber axis [88, 89]. The requirement of
such tilting, though, reduces the coupling efficiency and the
output power, which can be detrimental for laser processing
applications.

2.2.6. Other methods

In addition to the more common methods mentioned above
for materials processing, there are a number of alterna-
tive ways to obtain Bessel or annular beams. Researchers
have found success using pre-fabricated holographic dis-
plays [90], diffractive optical elements [12, 91], optical
phase plates or spatial phase masks [92]. For OV beams,
spiral phase plates (SPP), a dielectric material with a thick-
ness that varies azimuthally around the plate have shown
great potential for high-intensity beam propagation [93]. In
addition, uniaxial birefringent crystals [94], have allowed
the successful generation of high-intensity ultrafast vortex
pulses without broadening, thereby providing a convenient
tool to study material processing with OVs.

3. Applications of annular and Bessel beams
for materials processing

Annular and Bessel beams enable unique material responses,
which offer new fundamental insights in light-matter inter-
actions and have the potential to extend the possibilities of
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laser processing. In this section, we review recent works in
laser processing areas where these beams are providing a
novel and unique alternative to traditional beam shapes.

3.1. Microdrilling

Laser drilling of micron-sized holes is a well-established
industrial process used in a number of applications ranging
from car manufacturing to consumer electronics [95]. Laser
fluences above the ablation threshold lead to direct material
removal and the formation of a hole. The quality of the hole
depends on both the properties of the irradiated material as
well as the laser processing parameters. Despite the wide-
spread industrial use of lasers as drilling tools, research to
optimize the system performance such as speed, throughput,
sidewall taper, or symmetry remains actively pursued. The
laser parameters such as the wavelength or pulse duration
are well known to affect such things as the hole diameter,
the taper, or the thermal effects beyond the irradiated area [3,
16]. In addition, the laser beam shape also plays a crucial
role in determining the hole quality. For instance, drilling
with a Top-hat beam produces sharper edges than similar
processing with a Gaussian beam which can produce tapered
holes [96].

Drilling with annular beam shapes can also be advan-
tageous. For instance, drilling holes with diameters larger
than the beam typically requires trepanning, a method in
which the laser beam is scanned in a circularly-closed pat-
tern to create the hole [45]. This process requires moving
the part or the optical system with high speed and preci-
sion. In contrast, an annular beam successively fired on the
same region in a percussion drilling manner performs the
analogous process. This approach which has been referred
to as optical trepanning, has successfully been used to drill
submillimeter-size through-holes on stainless steel [97]. In
that work, an axicon was used to generate an annular beam,
which was later collimated with a second axicon and fi-
nally focused on the sample through a converging lens as
described earlier by Rioux [57]. Controlling the relative dis-
tances between the axicons and the lens makes it possible to
vary the dimensions of the annular beam and consequently
the dimensions of the resulting hole. The main complication
of this approach is that the alignment between the incident
laser beam and the two axicons is critical and any misalign-
ment can easily result in nonuniformities and inefficient
hole drilling. A possible solution to this problem is to use
a TAG lens device [68, 70] to generate the annular beam.
Such device is easy to align, and it has the added advantage
of quickly switching between different beam shapes. This
device has been employed to drill annular blind-holes on a
polyamide film [98].

A Bessel beam can also offer advantages when drilling
micron-sized holes on structured, rough, or uneven sub-
strates or when the substrate is non-planar. To drill such
holes with conventional beams, a high numerical aperture
lens creates a tight focus, which implies a short depth of
field (Eq. (2)). Thus, in order to obtain holes of the same
size on surfaces at different heights, the position of the beam

must be adapted to the substrate irregularities so that the
working distance is preserved. This can be solved by set-
ting up a laser-position monitor and motion control system,
which add complexity and cost to the manufacturing pro-
cess. An alternative way to solve this problem is to use
a Bessel beam which can combine a narrow central lobe
with a long depth of field. This increases the tolerance of
the focal plane position during processing, allowing holes
with the same characteristics over long distances. The fea-
sibility of drilling such holes with a Bessel beam has been
demonstrated for silicon [99], and for chromium [60]. In
these works, blind-holes with a diameter below 10 μm were
drilled using nanosecond laser pulses as a function of the
distance away from the axicon. Researchers found that the
hole morphology was maintained for changes in distances as
large as 2 mm along the axial direction. The same approach
with Bessel beams has been employed to drill holes on glass
using femtosecond laser pulses [63]. In this case, uniform
holes with a diameter of 500 nm were obtained for up to
20 μm differences in surface height.

A field in which Bessel beams can also be employed
is in the simultaneous processing of large sample areas
for industrial applications such as marking or data storage.
Usually, parallel processing is accomplished by splitting a
laser beam into an array of beamlets and focusing each of
them onto the substrate of interest [16]. However, the forma-
tion of uniform patterns over large areas requires a precise
alignment between beamlets and substrate. These alignment
constraints can be overcome thanks to the long depth of
field of Bessel beams. This has been demonstrated through
the fabrication of periodic two-dimensional channels on
poly(methyl methacrylate) using an array of refractive cylin-
drical axicons [100]. Moreover, placing a lens before the
axicon arrays allowed varying the spacing between the chan-
nels by translating the substrate without compromising the
characteristics of the channels.

Bessel beams have also been used to drill through-holes
on different metal foils such as stainless steel [56, 99], and
copper [55]. However, the adequacy of using these beams
for such application is controversial, mainly for two rea-
sons. The first one is the presence of a ring structure on the
irradiated area, as illustrated in Fig. 7. Such rings extend
over an area much larger than that of the hole, distributing
energy away from the central region and possibly leading
the formation of structure on the surface. It may be argued
that such rings could be avoided selecting a Bessel beam
with only the central lobe capable of reaching the inten-
sity required to ablate a material or other high-order beam
shapes [93]. However, in order to drill a through-hole on
a metal, high fluences and a large number of pulses can
be required. As a consequence, the accumulation of energy
can cause ring marks on the irradiated area. The second
aspect that potentially limits the use of Bessel beams for
through-hole drilling in metal foils is blocking of the beam
by the metal itself. As mentioned before, Bessel beams can
be considered to be the result of the interference between
plane waves. In the case of metals, since they are opaque
such plane waves would not propagate inside the material,
and thus the long depth of field of the Bessel beam would be
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Figure 7 Scanning laser microscope images of a hole drilled
using a Bessel beam into a stainless steel sheet with a thickness
of 20 μm. (a) Irradiated surface, with the characteristic marks of
left by the Bessel rings; (b) rear surface, with a hole smaller than
at the entrance showing tapering [56].

lost. However, if the drilled metal foil is thin enough, holes
drilled with a Bessel beam can exhibit sharper sidewalls
and less taper than holes drilled into the same foil using a
Top-hat or Gaussian beam [56].

3.2. Fabrication of micro/nano channels in
transparent materials

Machining transparent materials with ultrashort laser pulses
(shorter than 1 ps) has become a common process for pro-
ducing structures within the volume of a material for optical
and photonic applications as well as dicing and cutting [101].
Despite the apparent contradiction of using a laser to modify
a material that is transparent to that laser wavelength, when
ultrafast laser pulses are focused into small spots the intensi-
ties achieved in the focal volume are high enough to induce
nonlinear absorption, modifying the material properties in
that region [2]. Thus, the material modification is localized
in 3D, whereas the rest of the material remains unaltered.
Such spatial confinement, in addition to the translation of
the laser within the material or other non-linear effects such
as filamentation [102,103], can be used to generate channels
or complex three-dimensional structures.

The use of non-Gaussian beam shapes, with their unique
properties, can be beneficial for machining transparent ma-
terials in many instances. A situation that illustrates this is
the fabrication of long three-dimensional channels with a
reduced diameter, which is important for applications such
as microfluidics or for waveguide fabrication. Such channels
are usually obtained with a Gaussian beam and a high NA
lens to focus the radiation into a micron-sized spot com-
bined with translation of the sample to produce the channel.
This requires precise alignment and feedback, which further
reduces the speed of the process. A Bessel beam introduces
a more efficient way to produce such long channels. In this
case, and contrary to what occurred for opaque materials,
the plane waves that form the Bessel beam can propagate
through the transparent material and provide the beam with
a high depth of field within the bulk material. Due to the
localization of multiphoton absorption to only the narrow

Figure 8 Photograph of the modification generated in a 3 mm
thick glass using a Bessel beam. Several ultrashort laser pulses
were employed to create the 5 μm thick channel [60,105].

central focus region, the Bessel beam can produce long
channels while maintaining a small diameter.

The feasibility of using Bessel beams to fabricate long,
3D structures was first demonstrated by Marcinkevicius et
al [104]. In that work and in the subsequent ones [60, 105],
the irradiation of silica led to modifications of the material
along the beam path, as shown in Fig. 8. These changes in
the index of refraction have been used to produce high-
quality waveguides with low loss and without birefrin-
gence [106,107]. Complete hollow 3D structures were latter
fabricated on glass through a two step process: firstly the
material was irradiated with the Bessel beam and afterwards
it was exposed to a chemical etching process [60,105]. How-
ever, the use of etching agents adds complexity and variabil-
ity to the process, since the etching time has to be carefully
controlled and the etching agent has to arrive to all the
parts of the structure, which can be hard to control in 3D
structures.

It has not been until recently that high quality glass mi-
crochannels have been fabricated without chemical etching
using Bessel beams [108]. In this case, the intensity of the
femtosecond laser pulses was high enough to induce fila-
mentation and self-focusing. Filaments within transparent
materials generated by Bessel beams had already been ob-
served to reach long distances [109], and theoretical work
predicted that the propagation of such filaments were more
stable over longer distances than those generated by Gaus-
sian beams [110]. The microchannels produced by filamen-
tation had an aspect ratio as high as 40 without tapering.
To obtain such taper free structures rear-side illumination
with the sample immersed in water was carried out, which
helped debris evacuation and the formation of well-defined
structures. Nanochannels on glass have also been generated
using the filamentary propagation of Bessel beams [111]. In
this case, a single laser pulse was used to generate channels
with a diameter of about 500 nm and lengths of the order of
50 μm (Fig. 9).

3.3. Micromachining using vortex beams

The first experiments on laser machining using OVs have
appeared recently and showed promising results for effi-
cient ablation and the ability to create unique material struc-
tures [112]. The morphology of holes ablated on a Tantalum
surfaces using nanosecond OV pulses exhibited less debris
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Figure 9 SEM image of a chan-
nel generated in glass using a single
shot from a Bessel beam. The inten-
sity of the femtosecond pulse was high
enough to induce filamentation [111].

Figure 10 SEM images of ablation rings on soda-lime glass
produced with single femtosecond vortex pulses. (a) Ablation en-
ergies of 100, 150, 250, and 700 nJ, from left to right. (b) Cavities
on the beam axis, where the intensity is negligible, produced at
an energy of about 1.5 μJ. (c) 200 μm x 200 μm array produced
at an energy of 250 nJ, which demonstrates the reproducibility of
the ablation process [50].

and a better definition than those processed using annular
beams without orbital angular momentum (OAM). By us-
ing circularly polarized light in combination with the OV,
it becomes possible to create microneedles in the central
region of the ablated spot without affecting the surrounding
material.

Femtosecond vortex pulses can also lead to the modifica-
tion of material in the center of the annular intensity profile,
as demonstrated by irradiating soda-lime glass [50]. Fem-
tosecond OV pulses with fluences slightly above the ablation
threshold resulted in reproducible annular holes with clean
edges. As the fluence was increased, deep cavities started to
form in the annulus center where the residual light was neg-
ligible (Fig. 10). The formation of these cavities has been
attributed to a toroidal plasma induced by high-intensity
vortex pulses [50]. The expansion of such torodial plasma
produces two shock waves: one that propagates towards the
surrounding material and one to the annulus center. This
second one would produce a dramatic rise in pressure when
reaching the annulus center and leads to material removal.
Therefore, from the previous examples it can be concluded
that OVs induce very particular light-matter interactions that
could be advantageous in several laser processing applica-
tions.

3.4. Nanopatterning

The processing of materials on the nanoscale is a growing
demand in several areas, including electronics [113] and

biotechnology [114]. The diffraction limit of conventional
focusing optics has traditionally restricted the use of optical
techniques to micron and sub-micron size scales. However,
recent strategies have been developed to overcome this limit.
Apart from the previously mentioned multiphoton absorp-
tion, near-field effects can similarly overcome traditional
diffraction limitations to produce nanoscale features [115].
This takes the advantage of evanescent waves near interfaces
and surfaces, usually generated after irradiating a particle
or near-field objective with a laser beam, to allow an en-
hancement of the electric field in a confined region close
to the particle surface. Arrays of dielectric microbeads can
be self-assembled on a surface [116, 117] and a single laser
pulse can be used to create a corresponding array of isolated
dots or other shapes [118–120].

However, in order to harness the near-field intensifica-
tion of light for user defined nanopatterns, it is necessary to
manipulate the near-field objective along the surface while
accurately maintaining a separation of 10’s of nm from the
workpiece surface. It is possible to do this by taking advan-
tage of the “nondiffracting” behavior of Bessel beams for
optical trapping. Contrary to conventional optical traps using
Gaussian beams, Bessel beam traps only exhibit significant
gradients in the transverse directions, which leads to particle
confinement in two dimensions with a scattering force in
the propagation direction [121]. This scattering force can
be balanced by the interaction forces between the particle
and surface, such as Van der Waals, seteric and electrostatic
repulsion, resulting in an equilibrium distance between par-
ticle and surface on the order of 50 nm depending on the
trapping laser intensity and system chemistry [122]. There-
fore, the use of Bessel beams enables the self-positioning
of the particle relative to the substrate regardless of sur-
face inhomogeneities and without the requirement of feed-
back control. As a consequence, if the trapped particle is
irradiated with a second laser pulse so that the near-field
effects induced enable the modification of the workpiece
surface, it is possible to controllably generate nanofeatures.
The feasibility of this technique, called optical trap assisted
nanopatterning (OTAN), has been demonstrated through the
creation of various types of surface modifications, including
bumps, pits and holes, depending on the material and the
pulsed laser fluence [121] (Fig. 11), the implementation of
parallel nanopatterning [123], and even the ability to tra-
verse rough and textured surfaces [124, 125]. The minimum
feature sizes were 100 nm, and the positioning accuracy was
better than 40 nm.

3.5. Photopolymerization

Photopolymerization using laser beams is a well known
prototyping technique that can be used to fabricate micro
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Figure 11 (online color at: www.lpr-journal.org) SEM images illustrating the ability to parallel processing using OTAN. (a) Four P’s
written using overlapping laser pulses with10 mJ/cm2 incident fluence. (b) Overlaid image of the four P’s in (a). (c) Four O’s written
using 12 mJ/cm2 fluence, and particles of different sizes (0.75 μm upper-right, 3 μm lower-right, 2 μm the other two). This illustrates the
capability to simultaneously produce different line widths in an array. (d) Four test patterns of individual shots used to test positioning
accuracy and feature size uniformity (incident fluence is 15 mJ/cm2). (e) The overlaid image of the four patterns in (d), illustrating the
identical nature of the patterns. (f) Forces acting on the microsphere that maintain its position relative to the substrate without any
feedback control. The scale bar in (b) is 500 nm, all other scale bars are 2 mm long [123].

and nanostructures [126, 127]. In this technique, a laser
beam is scanned along a liquid photoresist to induce cross-
linking. After exposure, the photoresist is developed, leading
to microstructures in the areas the photoresist was exposed.
Traditionally, polymerization has been performed with CW
ultraviolet lasers over surfaces, which results in 2D struc-
tures [128]. More recently, complex 3D structures have been
obtained with CW [129, 130] and picosecond lasers [131]
by confining the photopolymerized region to the beam fo-
cal volume and then moving it with respect to the sample.
This approach makes use of the threshold behavior of pho-
toresists, which prevents any modification below a certain
optical intensity. Alternatively, ultrafast lasers, taking ad-
vantage of multiphoton absorption, have been employed for
photopolymerization [132]. In this case, the material modifi-
cation can be much easily confined within the focal volume
of the beam. Once again, by controlling the intensity of
the Gaussian beam, the non-linear absorption allows one to
overcome the diffraction limit [133] and produce structures
with a nanometer resolution [134, 135].

The use of non-conventional beam shapes confers some
benefits in photopolymerization as well. Again, the long
depth of field of Bessel beams can be used to fabricate
long structures without the need to translate a sample. This
has been demonstrated through the fabrication of homo-
geneous polymer fibers using a CW laser with a Bessel
beam [136]. Fibers as long as 15 mm, with a diameter below
5 μm (Fig. 12) have been fabricated through this approach.
The length of the fiber greatly exceeded the maximal prop-
agation distance that a Bessel beam should attain within
the fluid used, due to waveguiding provided by the fiber

Figure 12 ESEM images of the left (a), middle (b) and right (c)
parts of a polymer fiber with a length of 15 mm. The fiber was
created illuminating a liquid photopolymer with a Bessel beam
from a CW laser [136].

itself as it formed, a structure termed “self-written wave-
guide” [137]. Bessel beams have also been employed in
the fabrication of 3D structures using multiphoton polymer-
ization and scanning the beam through the volume of the
sample [138, 139].

Annular beams can be used with polymerization to
directly generate circles and related structures without
the need for translation stages and their related prob-
lems [58,140]. Moreover, translating the sample in the three
directions of space in a step-and-repeat way allowed the
annular patterns to be stacked into larger structures, as pre-
sented in Fig. 13.

Another important application of annular beams in pho-
topolymerization is to enhance the resolution to sub 50 nm.
Analogous to the STED microscopy technique [64], an an-
nular beam used to deactivate the polymerization can be
overlapped with a Gaussian beam that induces polymer-
ization. Thus, the effective polymerization voxel would be
confined in the center of the annulus. Reducing the dimen-
sions of the annular center results in a smaller spot by further
limiting the polymerization reaction above and beyond the
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Figure 13 SEM images of complex patterns generated by 2 pho-
ton polymerization using an annular beam. The irradiated material
had a low absorption cross section at the laser wavelength, and
only at the focal region the beam intensity was high enough to
produce photopolymerization through non-linear absorption pro-
cesses. Translating the laser beam allowed the formation of (a)
2D and (b) 3D structures [138].

multiphoton effects. The combination of initiation and deac-
tivation beams in polymerization has already demonstrated
a resolution in the direction of the incident beam of λ /20
and further refinement continues to push the feature size
smaller [141, 142].

4. Conclusions and outlook

We have presented a review of recent work in the processing
of materials using Bessel and annular beams, as well as a
discussion of the properties and generation methods for such
structured illumination. Considering these aspects, it can
be concluded that the use of shaped beams can be a scien-
tifically interesting and technologically relevant alternative
to conventional Gaussian and Top-hat beams for many ap-
plications. For instance, the “non-diffracting” behavior of
Bessel beams results in a long depth of field, which can be
used to increase the tolerance of the focal plane position
during material processing. This allows the creation of uni-
form features over non-planar or uneven surfaces without
the need to adjust the relative position of the sample and
focus as with shorter depth of field beams. Such long depth
of field also makes Bessel beams suitable to produce high
aspect ratio structures, such as long channels in transpar-
ent materials or polymerized fibers, without scanning the
beam inside the material or otherwise translating the sample.
Similarly, annular beams have advantages for creating novel
structures in materials, improved micromachining and deep-
hole drilling, and reducing the feature size in multiphoton
polymerization. Furthermore, the related vortex beams can
induce unique light-matter interactions leading to enhanced
ablative processing.

The role of laser beam shaping for scientific and indus-
trial applications is expanding, increasing the breadth and
capabilities of laser based materials processing. Novel and
cost-effective methods to generate these structured beams
have opened a new chapter in fundamental laser-matter in-
teractions, enabling unique material responses with control
down to the nanoscale, and have the potential to revolution-
ize the way lasers are used for processing. As we learn more
about structured optical fields, their effect on materials, and

new methods to tailor light properties, interesting possibili-
ties will continue to emerge, providing fruitful opportunities
for process development and optimization.
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