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Theoretical Analysis of Quasi-Bessel Beam for Laser Micromachining
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Abstract A quasi-Bessel beam can propagate over a long distance with its beam width unchanged, which provides a
high beam aspect ratio. and is suitable for laser micromachining of structures. The propagation properties of quasi-
Bessel beam generated by the ideal axicon and blunt-tip axicon are investigated. Strong peak oscillations occur due to
interference between the quasi-Bessel beam and the refracted beam by the blunt-tip. Using the axicon for laser
micromachining is theoretically calculated. Simple analytical formulas can be used to predict the required parameters,
including laser pulse energy, generated fluence distribution, ablation width, beam aspect ratio and so on.
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1 Introdution

Since laser micromachining using ultrashort pulses
can generate highly reproducible micro- and nano-
structures, they have been successfully applied to
produce a wide range of structures such as waveguides,
voids and channels. However, this technology still faces
the challenge of producing high aspect ratio structures
dimensions because

of submicron transverse

micromachining using focused traditional Gaussian
beams suffers from the inevitable diffraction-induced
tradeoff

interaction

between beam waist and longitudinal

length. Recently, Bessel beams have

attracted tremendous interest because of their unique
properties, i. e., the ability to maintain narrow beam
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width over distances many times larger than the Rayleigh
range and to self-heal behind obstacles or scatterers' *',
which holds great promise for laser micromachining, other
applications and the beam aspect ratio.

In this paper, we describe how to generate quasi-
Bessel beam (QBB) using an axicon to improve the
aspect ratio and allow the convenient micromachining of
structures. Simple analytical formulas allow to predict
the the

distribution and the ablation width.

laser pulse energy, generated fluence

2 Axicon-generated quasi-Bessel beam
An ideal Bessel beam exhibits an invariant intensity
profile along the propagation direction and contains an

RPHEL983 =) I I B FE A UEIW , NGO FHR T I U 5T . E-mail: wph1021@163. com

s102002-1



i &

# ot

infinite amount of energy, and hence is not possible to be
generated experimentally. However, various approximate
Bessel beams or quasi-Bessel beams have been
demonstrated by annular aperture, axicon, Fabry-Perot
etalon, computer-generated hologram or spatial light

78] 1t is generally preferred to use an axicon

modulator
for laser machining due to its high efficiency. As shown in
Fig.1, a collimated Gaussian laser beam with the lateral
intensity distribution I(p) = I,exp(—2p’/w’) illuminates
an ideal axicon of base angle «, where I, is the central
intensity, w is the Gaussian beam waist. The
propagation axis is the z-axis, with its origin at the

axicon vertex.

Bessel beam

max

Fig.1 Schematic of a QBB generated by an axicon. Inset
is the cross-sectional profile of the QBB
For this case, the intensity distribution behind the
axicon is described as™’
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where p denotes radial coordinate, J, and J, are the
zero-order and one-order Bessel function of the first
kind, respectively, = k(n—1)a = 2x(n— Da/A,
k is angular wavenumber, # is the refractive index of
the axicon material, A is the wavelength. The
functions F, and F', are defined by
F«ﬂy{%+ﬂfinw%+ﬂf]<m
w w

w

F(2)= (= —5)‘"2@(1{— (= —ﬂﬂx

w
H(z — 2. (3)
where 2, = (n — 1)az/w, and H is the Heaviside
step function
H =1 for z, 2,0/7,0, 4
H = 0 for z, < p/w. (5)

For small axicon base angle «. the axicon
produces the QBB with depth of focus (DOF) 2.
(Fig. 1), defined as

w
—Da (6)

Tmax

An example of the optical intensity distribution
generated by an ideal axicon as evaluated by Eq. (1)
is shown in Fig. 2, which is calculated for w =2 mm,
a=5", n = 1.5 and A = 1064 nm. As can be
observed, the QBB width remains a near constant with
propagation distance, although the central intensity
maximum varies axially. Besides, the DOF of this QBB
is considerably longer than the DOF of that we have
seen, for example, a Gaussian beam focused by a
convex lens.
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Fig.2 Calculated intensity distribution behind an axicon
illuminated by a Gaussian beam. Inset shows the
axial intensity along the propagation direction

3 Theoretical calculation and results

For materials micromachining with ultra-short pulse
lasers, the ablation is determined by the fluence F
(laser energy per unit area) incident at the material
surface. The intensity distribution of pulsed laser
radiation depends on time. In most cases, the time
dependence can be separated as I(p,1) = I(p) f(2), and
hence the fluence distribution can easily be calculated
from the intensity distribution. Therefore the fluence is
proportional to the time independent function I(p) as

F(p) = el (p). (7)

Integrate over p yields

ZKJpF(p)dp: Zner I(pdp = Q, (8)

where Q is the pulse energy. Because the laser power is
equal to the incident power, the fluence distribution can
be obtained by

2
Fosw) :%@{[R («7%)+F2(£)} FGopt +
F(L)-E(2) [ nep ). ©
For reference, Fig. 3 shows the calculated fluence
distributions for four typical wavelengths and two axicon
base angles at the distance of 2,./2. The incident beam
waist, pulse energy and refractive index are w =2 mm,
Q = 100 pJ and n = 1.5, respectively. As can be
observed, the fluence of central lobe is narrower for
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shorter wavelength and larger axicon base angles.

5
a)
1: 1064 nm
4 2: 800 nm
4 3: 532 nm
o . 4: 355 nm
g °[3
<
R, 2 o
1
1
0 BEA SSESS
0 5 10 15
p /um
10 S
1: 1064 nm (b)
gt 2: 800 nm
4 3: 532 nm
~ 4: 355 nm
=
g
<)
Ry

p/pm

Fig.3 Calculated fluence distributions for
wavelengths for (a) ¢ = 5% and (b) ¢« = 10° at the

distance of 2 .,/2

typical

From Eq. (9), the peak fluence can be written as

- 4 P4 2
Fo(o) = %exp(*&za). (10)
Obviously, the maximum peak fluence Fji, = 268
w e

occurs at
_ B _ w

M) 2(n— Da’ an
Another important  parameter  for laser

micromachining is the ablation width, which can be
estimated by the first root of the Bessel function J, :

1. 2
D i, (12)

Figure 4 shows the expected ablation width as a
function of axicon base angle for typical wavelengths.
From Fig. 4 we find that the ablation widths present
apparent downward trend with the increase of axicon
base angle.

Based on the results described above, the QBB aspect
ratio can be evaluated by R = z,../D =~ =w/(1.2)).
Fig.5 shows the aspect ratio varies with incident beam
waist for typical wavelengths. Remarkably, the aspect
ratios can exceed 1000 or more, for example, a QBB at
1064 nm exhibits an aspect ratio as high as about 4900
for an incident beam with waist of 2 mm. Moreover,

the value increases progressively along with the
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Fig.4 Ablation width versus axicon base angle for
typical wavelengths
increase of the incident beam waist. Such high beam
aspect ratios are useful in the micromachining of high
aspect ratio structures. For example, it is suitable for
laser micromachining of deep nanochannel, which at
present is a key technological issue in many important
application fields. However, the existing technologies
for material micromachining such as focused ion beam
milling or deep reactive ion etching are not well suited
to high aspect ratio micromachining.
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Fig.5 Aspect ratio versus incident beam waist for
typical wavelengths

As mentioned above, one of the attractive features of
the QBB is its spatial invariance, i.e. , the possibility of
long-distance propagation without divergence, although
the axial intensity varies smoothly along the beam
propagation direction. This, however, is the case
where we ignore diffraction effect on the axicon edges
and assume a perfectly sharp axicon tip. In reality, an
axicon suffers a number of imperfections, and the tip is
rather blunt. Such imperfections cause strong axial
oscillations that destroy the overall smooth profile of the
propagating QBB. For laser micromachining of
structures using a QBB, we should take into account the
effect of blunt tip.

We calculate the electric field amplitude at the radial
distance p and the distance z behind a blunt-tip axicon,

by numerically solving the Fresnel Kirschoff integral ™’
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E(p,2) = @exp(— ZLZI>><

A A
J E(ro ’O)exp[— ((O< + 7’6)7[’1}]0 (27['{0}’() )V(]dro , (13)
P4 Az Az

where E(r,,0) is the input electric field amplitude of
Gaussian beam with waist w, and it can be written as

o\~ .

G0 = Eexo[ — (2) —ig) [ 0
where ¢(r,) is the spatial phase introduced by the
axicon, and it is given by
2n(n—1)

A
where d(r,) is the actual profile of the axicon. Akturk,

o(r,) = d(r), (15)

Dépret, and Brzobohaty et a/. have shown that the
blunt-tip region of an axicon can be described by a
hyperbola ° ',

Assume that the profile of the axicon is a hyperboloid

as described in Ref.[12].

[
0.01 «/125.7949—0—0.0001

0<<r,<<0.5mm

d(r,) = - _ . (16)
_ /"
0.01 125.7949
ro > 0.5 mm

According to Eq. (16), the profiles of axicons for
blunt and ideal tips are shown in Fig.6.
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Fig.6 Comparison of the blunt-tip axicon profile with
the ideal axicon profile

In addition, the fluence distribution behind the axicon
is investigated. Fig.7 compares the peak fluences for
the 1ideal axicon and blunt-tip axicon, here the
calculated parameters are also in Ref.[12], i.e., a =
5.095°, n = 1.50699 and Q = 1 mJ, A = 1064 nm.
Strong oscillating peak behavior for small distances from
the axicon is clearly visible in Fig.7. This is due to the
interference between the QBB, formed by off-axis part
of the axicon, and the wave refrected by the blunt-tip of
the axicon. But for the longer distances, the peak
fluence of blunt-tip axicon exhibits excellent coincidence
with the ideal case. Such a fluence distribution can

significantly influence laser micromachining results. We
will introduce how to remove the undesired oscillations
in other literatures.
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Fig.7 Comparison of the peak fluence for the ideal axicon
with the peak fluence for the blunt-tip axicon with
input beam radius of 2.14 mm

4 Conclusion

A QBB possesses high beam aspect ratio, thus it is
suitable for laser micromachining. The propagation
properties of QQBs generated by the ideal axicon and
blunt-tip axicon are analyzed. Significant peak fluence
oscillations occur due to interference between the QBB
and the refracted beam by the blunt-tip. Using the QQB
for laser micromachining is theoretically calculated.
Analytical formulas allow to predict the required laser
parameters, including the laser pulse energy, the
generated fluence distribution, the ablation width and
the beam aspect ratio.
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