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A quasi-Bessel beam (QBB) is suitable for laser ablation because it possesses a micrometer-sized focal spot and
long depth of focus simultaneously. In this paper, the characterizations of QBBs formed by the ideal axicon and
oblate-tip axicon are described. Strong on-axis intensity oscillations occur due to interference between the QBB
and the refracted beam by the oblate tip. Using the axicon for laser ablation was theoretically investigated. Simple
analytical formulas can be used to predict the required laser parameters, including the laser pulse energy, the

generated fluence distributions, and the beam diameters.
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1. INTRODUCTION

Laser microfabrication techniques of materials using femto-
second and picosecond pulses have attracted much attention
in the past decade [1-5]. It is well known that laser-matter
interaction is dependent on the wavelength of the incident
light, the pulse duration, and the properties of the materials.
These parameters also affect the efficiency and quality of the
laser ablation process significantly. In traditional laser micro-
machining processes, the laser beam is focused using a con-
ventional convex lens. According to Rayleigh’s criteria, the
resolution (i.e., focal spot) and depth of focus (DOF) depend
upon the incident wavelength and the numerical aperture
(NA) of the imaging system. That is to say, for a traditional
objective lens, a small focal spot size corresponds to a short
DOF, which precludes high-aspect-ratio micro/nanostructure
fabrication. In recent years, several approaches have been
proposed and experimentally realized to overcome this
difficulty. These include microfabrication in vacuum [6], mi-
crofabrication of the reverse side of the sample using water
immersion for debris removal [7], microfabrication combined
with selective etching [8-10], and microfabrication with
filamentary propagation [11-16]. Although these approaches
have yielded promising results, they nonetheless suffer from
a variety of complexities and drawbacks: microfabrication in
vacuum removes the attractive reconfigurability of the femto-
second fabrication approach, reverse-side microfabrication
requires precise adjustment of the sample position and trans-
lation velocity to scan the ablation site through the sample,
selective etching requires significant additional processing
time, and filamentary propagation of Gaussian beams yields
nonuniform structural damage and multiple filamentation
can appear at high pulse powers. Indeed, the fabrication of
high-aspect-ratio micro/nanostructures with high quality is
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at present a key technological issue, and the existing technol-
ogies for material micro/nanoprocessing such as focused ion
beam (FIB) milling or deep reactive ion etching (DRIE) are
still difficult.

Fortunately, Bessel beams fulfill the above requirements.
Bessel beams can overcome the limitation of the Rayleigh
range of a Gaussian beam with the same spot size propagation
without any spreading due to diffraction. However, the ideal
Bessel beams contain infinite energy, hence being unrealistic,
and approximate Bessel beams or quasi-Bessel beams (QBBs)
can be realized through truncation of the ideal wave. In prac-
tice, various approaches have been used to generate QBBs.
These include an annular aperture placed in the focal plane
of a convex lens [17], binary-coded holograms [18], tunable
acoustic gradients [19], and axicon (conical lens) [20].
Amongst them, axicon focusing is superior to the other meth-
ods due to its high efficiency. Over the past few years, QBBs
have been used in numerous applications, e.g., for medical
imaging, in optical tweezers, in optical coherence tomogra-
phy, in filament formation, and also for material processing
[21-25], but the quantitative influence of factors on the exper-
imental results has not been fully understood.

In this paper, we present our theoretical study of how to
focus a laser beam into a micrometer/submicrometer spot
size using an oblate-tip axicon for laser ablation. Simple
analytical formulas allow us to predict the generated fluence
distributions and the beam diameters.

2. THEORETICAL CALCULATION AND
RESULTS

A QBB is generated by the interference of the conical
wavefront made by an axicon as shown in Fig. 1. For simplic-
ity, here we assume that the illuminating Gaussian beam
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Fig. 1. Schematic of QBB generation with an axicon.

propagates in the z direction and its waist is located at z = 0.
We also assume that a nonabsorbing thin axicon (its thickness
is negligible compared to the Rayleigh distance of the
Gaussian beam) is exposed to the field of the Gaussian beam.
Besides, in this work, we are concerned only about the evo-
lution of the optical field; however, the interaction of the laser
with the materials is beyond the scope of our investigation.

In this case, the radial profile of this beam has the form
E(p) = E, exp(-p?/w?), where the E, is the on-axis field
amplitude, p denotes radial distance from the optical axis
z, and w is the half-width of the Gaussian beam waist. Thus
the radial intensity distribution I(p) = I, exp(-2p%/w?),
where I is the on-axis field intensity. Based on the work
of Jarutis et al. [26], the optical intensity distribution behind
the axicon can be obtained as

_ Lynp [ [(Fy(p/w0) + Fa(p/ 1) o(ph)P }
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where J, and J; are the zeroth-order and first-order Bessel
functions of the first kind, respectively, and f = k(n - 1)a =
2z(n - 1)a/A, where k is the angular wavenumber, 7 is the
refractive index of the axicon material, a is the base angle
of the axicon, and 1 is the wavelength. The functions F;
and F5 are defined by

Fi(p/w) = (20 + p/w)'* expl-(z + p/w)?], &)

Fy(p/w) = (20 - p/w)"/* exp[-(2 - p/w)*|H (2 - p/w). (3)
where 2y = (n - 1)az/w, and H is the Heaviside step function

H=1 forzy>p/w, @

H=0 forzy<p/w. 6))

The propagation distance (or DOF) of the QBB existence is
usually defined as zy,,x = w/(n - 1)a (see Fig. 1).

For reference, Fig. 2 presents the calculated optical inten-
sity distribution profiles for an ideal axicon using Eq. (1). Here
parameters for the calculated are w = 2 mm, a = 5°, n = 1.5,
and 1 = 1064 nm. It can be seen that an axicon produces a
QBB with a long depth of field and a sharp central intensity,
and this intense central part is surrounded by concentric lobes
of much lower intensity. Remarkably, the QBB width remains
a near constant with propagation distance, although the on-
axis intensity [p = 0 in Eq. (1)] varies smoothly along the
beam propagation.
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Fig. 2. Calculated intensity profiles for an ideal axicon illuminated
by a Gaussian beam. The inset shows the on-axis intensity along
the propagation. Parameters for the calculated are w = 2 mm, a = 5°,
n = 1.5, and A = 1064 nm.

Another important property of the QBB is ability of the
central lobe self-healing after meeting with an obstacle, which
makes optical systems more flexible and more attractive from
the practical standpoint.

For materials processing with ultrashort pulse lasers, the
ablation is determined by the local fluence F' (laser energy
per unit area) incident at the material surface. For pulsed
laser radiation the intensity distribution depends on time.
In most cases the time dependence can be separated, I(p, t) =
I(p)f(t), and hence the fluence distribution can easily be
calculated from the intensity distribution. Thus the fluence
is proportional to the time independent function 7(p),

F(p) = el(p). ©)

Integrating over p yields

o A PF(p)dp = 2ne A L ()dp = Q. ™

where @ is the pulse energy. Because the laser power in the
observation plane is equal to the incident power of the inci-
dent Gaussian beam. Therefore the fluence distribution can
be obtained as
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Here the pulse energy @ is in J, the waist w in m, and #in m™.
As a concrete example, Fig. 3 shows the calculated fluence
distribution for four typical wavelengths and two axicon base
angles at the distance 2zy,,;/2. As can be seen from Fig. 3, the
shorter the wavelength and the larger the axicon base
angles, the narrower the fluence of the main lobe.

From Eq. (8) we find that the peak fluence can be
expressed in the form

4Qpz
w

Freac(?) = exp(-22;). ®)

Obviously, the maximum peak fluence FZ\ = 2Qp/w./e
occurs at the point

— zmax — w
2 2m-Da’

(10)

In addition, the beam diameter is an important parameter,
which can be estimated by the first root of the Bessel
function J,
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Fig. 3. Calculated fluence distribution for typical wavelengths for
(a) a = 5° and (b) @ = 10° at the distance z,,,x/2. The incident beam
radius, pulse energy, and refractive index are w = 2 mm, @ = 100 pJ,
and n = 1.5, respectively.
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For reference, calculated D as a function of the axicon base
angle for typical wavelengths is shown in Fig. 4. As can be
observed, the curves present an apparent downward trend
of the beam diameter followed with an increasing axicon base
angle. This implies that, for a given wavelength, the steeper
the axcion is, the larger the beam diameter of the resulting
QBB becomes. Moreover, the maximum aspect ratio of the
QBB can be evaluated by zy.x/D ~ 7zw/1.2A. It is worthy of
note that the aspect ratios can exceed 100 or more [27]. Such
high beam aspect ratios proved useful in the micromachining
of high-aspect-ratio structures, e.g., for micro/nanofluidics
and 2D photonic crystals.

As mentioned above, the results show that the on-axis in-
tensity of QBB varies smoothly along the beam propagation.
This, however, is the case in which we ignore diffraction ef-
fects on the axicon edges and assume an ideally sharp axicon
tip. In practice, due to manufacturing constraints, the tip of
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Fig. 4. Beam diameter versus axicon base angle for typical
wavelengths.
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the axicon deviates from the ideal cone shape and becomes
rather oblate, introducing modulations in the on-axis inten-
sity, and destroys the overall smooth profile of the propagat-
ing QBB. Thus, for laser ablation of QBB, it is crucial to
understand the influence of the processing result.

In order to take into account the effect of the oblate tip, we
calculate the electric field amplitude at the radial distance p,
and at the distance z behind an oblate-tip axicon, by numeri-
cally solving the Fresnel Kirschoff integral [28]

271 22t
Ep.2) = - exp (T)
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where E(ry,0) is the input electric field amplitude of the
Gaussian beam with w, and it can be written as

To 2 .
B0 e (-(2) -ipow). a3

Here ¢(r) is the spatial phase introduced by the axicon, and it
is given by

2z(n-1)

T o), (14)

@(rg) =
where d(r,) is the actual profile of the axicon, which can be
measured by an optical profilometer in experiment. Here we
assume the profile is approximated by the following formula,
as described in [29]:

_ [ -0.083r2 +0.023r3, 0<7; <1 mm
d(ro) = {0.038 —0.098r%. ro>lmm - A%
In such a case, the profiles of the axicon for the oblate and
ideal tip are shown in Fig. 5 using Eq. (15).

Besides, Fig. 6 compares the peak fluence for the ideal
axicon and the oblate-tip axicon for input beam radii of 2
and 4 mm. As can be seen, the oblate tip leads to a strong
oscillating peak behavior for small distances from the axicon.
They are due to the interference between the QBB, formed by
the off-axis part of the axicon, and the wave refrected by the
oblate tip of the axicon. But for the longer distances, the peak
fluence of oblate-tip axicon exhibits excellent coincidence
with the ideal case. From this point of view, such a fluence
distribution may influence the laser ablation result at short
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Fig. 5. Comparison of the oblate-tip axicon profile with the ideal
axicon.
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Fig. 6. Comparison of the peak fluence for the ideal axicon (solid
line) with the peak fluence for the oblate-tip axicon (dashed line)

for input beam radii of (a) 2 mm and (b) 4 mm. Parameters for the
calculated are a = 5.6°, n = 1.5, @ = 1 mJ, and 1 = 1064 nm.

distances from the axicon, and it also explains the experimen-
tal results in [30] to some extent. We will introduce how to
improve this spatial beam distribution and remove the unde-
sired oscillations in other literature.

3. CONCLUSION

A QBB possesses both a micrometer-sized focal spot and a
deep focus depth; thus it is suitable for laser ablation in micro-
fabrication. The propagation properties of the QBB generated
by the ideal axicon and oblate-tip axicon were studied. Signifi-
cant on-axis intensity oscillations occur due to interference
between the QBB and the refracted beam by the oblate tip.
Using the QBB for laser ablation was theoretically investi-
gated. Analytical formulas allow us to guide the required laser
parameters, the generated fluence distributions, and the beam
diameters.
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