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Femtosecond laser highly-efficient plane processing based
on an axicon-generated donut-shaped beam
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A simple technique is proposed for highly-efficient plane processing fully based on femtosecond laser beam shap-
ing. The laser intensity distribution is transformed from a Gaussian to a donut shape. As the donut-shaped focus
seems like a flat top from the side view, a plane with a high level of flatness is obtained directly by scanning once.
By applying it to polishing experiments, the surface roughness can be improved significantly. The influence of
scanning speed, laser pulse energy, and scanning times on the roughness is also discussed. Moreover, the scanning

width can be flexibly controlled in a wide range.
OCIS codes: 140.7090, 140.3300, 240.5450.
doi: 10.3788/COL201816.031401.

An axicon is a specialized type of lens, which has a conical
surface and is defined by its apex angle. Unlike a converg-
ing lens, which is designed to focus a light source to a spot,
the axicon focuses a light source to a line along the optical
axis®?. Also, axicons are less prone to aberrations. More-
over, the axicon-generated focal line can be approximated
by a zero-order Bessel-type beam2. In doing so, a beam
generated by an axicon has wide applications in the fields

of imaging®¥, optical coherence tomography?, optical

micromanipulation?, optical tweezers™Y, and especially
in the field of ultrafast laser micro-/nano-fabrication,
which can produce micro-holes/micro-channels with a
very high aspect ratio®1¥,

In addition to the focal line, a donut focus can also be
generated by using an axicon, which will be discussed in
this Letter and be used for femtosecond (fs) laser highly-
efficient plane processing. Traditionally, during fs laser
fabrication™2¥, a lens or an objective is applied to focusing
the laser into a tiny spot. Then, a three-dimensional trans-
lation stage is indispensable in the fabrication process to
move samples relative to the focus to connect processed
dots into a line and lines into a plane®%¥. Therefore, it
is extremely time-consuming for large-area fabrications
and only suitable for the laser system with a high pulse
repetition frequency (PRF) (>100 kHz). However, if a do-
nut focus is employed, the efficiency will be improved sig-
nificantly, as a plane will directly form with just one
scanning. This makes it possible for a laser system with
a low PRF to fabricate a plane efficiently. For example,
in the field of laser cleaning, in contrast to traditional tech-
nology, a high-speed galvanometer scanning system has to
be used to create a line-focus in the lateral direction by
connecting lots of processed dots?2; the donut-shaped
beam itself is just a line-focus from the side view. There-
fore, the efficiency can be improved dramatically by using
a donut focus, so it has a potential application in the field
of laser cleaning. In this Letter, highly-efficient plane
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processing by a fs laser with a low PRF is demonstrated
based on shaping a Gaussian beam into a donut shape.
With the donut-shaped beam, experiments of fs laser
polishing are performed. It shows that the processed surface
keeps a relatively high level of flatness, and the surface
roughness is improved significantly. Moreover, the influ-
ence of scanning speed, laser pulse energy, and scanning
times on the surface roughness is also studied in this work.

Typically, a quasi-Bessel beam will be generated first
after an axicon, as shown in Fig. 1(a), which illustrates
the geometrical evolution of a Gaussian beam converted
to a donut-shaped beam. From the image, it can be seen
that a ring-like beam is formed after the Bessel area. The
diameter of the ring is proportional to the distance from
the axicon output to the imaging position, while the ring
thickness maintains a constant value. To understand the
highly-efficient plane processing with the proposed
method, we first perform numerical simulations to com-
pare the spatial intensity distribution between a donut-
shaped beam and a cylindrical lens created transverse
line-focus beam, which is selected for comparison since
it can also achieve highly-efficient fabrication with one
scanning. Figures 1(c) and 1(e) show the top view and side
view of the spatial intensity distribution of a donut-shaped
beam, respectively. It is obtained from the mathematical
model®,

I(r,Z) = jow (“’0)2

r @,

§ exp{z[A+ (Z % 6) — 7“]2}’

p (1)
where r is the radial distance in cylindrical coordinates, Z
is the distance from the end point of the Bessel area, A is
the beam radius of the incident light, I, is the on-axis field
amplitude, w, is the waist radius of the input Gaussian
beam, w, is the radius of the Gaussian beam at the
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Fig. 1. (a) Geometrical evolution from a Gaussian beam to a
donut-shaped beam. (b),(d) The top view and side view of a
beam focused by a cylindrical lens. (c),(e) The top view and side
view of a donut-shaped beam formed with an axicon.

position of z, and @ is the angle with a vector normal to the
conical surface of wavefront included with the z axis.

Figures 1(b) and 1(d) show the top view and side view of
the spatial intensity distribution of a beam focused by a
cylindrical lens. It can be clearly seen that most of the laser
energy still gathers in the central area despite a transverse
line-focus formed with a cylindrical lens. However, for the
donut-shaped beam shown in Fig. 1(c), the central laser
intensity is evenly distributed along the ring. Moreover,
as shown in Fig. 1(e), it seems like a flat-top beam from
the side view. Therefore, it is a favorable choice for
plane processing. Below, we will perform experiments to
compare machined results by the donut-shaped beam
and the cylindrical lens focused beam.

For the setup used in this work, the laser source is a Ti:
sapphire amplified fs laser system. The output beam has a
pulse duration of 120 fs, a wavelength of 800 nm, a pulse
repetition rate of 1 kHz, and a horizontal polarization, and
the original beam has a fundamental transverse Gaussian
mode (TEM). After being set with a designed laser pulse
energy, which is achieved with a quartz half-wave plate
and a Glan—Taylor polarizer, the laser beam is trans-
formed into a Bessel beam and a following ring-like beam
by an axicon. Then, a combination of a lens and an objec-
tive is used to generate the final donut focus. The apex
angle and reflective index of the axicon are 175°
and 1.511, respectively. The focal length of the lens is
150 mm, and the numerical aperture (NA) is 0.25 for
the objective of 10 times magnification. It should be noted

that the objective must be put in front of the focal plane of
the lens. The optical axis of the final donut-shaped beam
is perpendicular to the surface of samples (polymethyl
methacrylate, PMMA), and the donut focus locates on
the samples’ front surface. The samples and a sample
holder are mounted on a three-dimensional linear transla-
tion stage. During the fabrication process, the sample is
moved in the plane where the donut focus is located.
As a comparison, a cylindrical lens is employed to directly
focus the original output Gaussian beam to ablate sam-
ples. After irradiation with the donut-shaped beam and
the cylindrical lens focused beam, a confocal laser scanning
microscope (CLSM) and a metallographic microscope are
used to characterize the fabricated microstructures.
Experimentally, a plane can be produced directly by
the donut-shaped beam with one scanning, as shown in
Fig. 2(a). The used laser pulse energy and scanning speed
are 500 pJ/pulse and 0.8 mm/s, respectively. Based on
the parameters of pulse repetition rate, scanning speed,
and ablated line width with a single pulse (about
10.5 pm for pulse energy of 500 pJ/pulse), we can calcu-
late the overlap ratio of two adjacent pulses, which is
about 92.4% with the scanning speed of 0.8 mm/s. It
can be seen that the treated surface maintains a relatively
high level of flatness, which indicates that the spatial in-
tensity distribution of the finally formed laser beam has a
flat top, at least from the side view. This can be better
illustrated by the cross-sectional profile of the polished
surface, as shown in Fig. 2(c). The experimental result
is in good agreement with the theoretical analysis of the
donut-shaped beam, as we discussed above. As a compari-
son, a transverse line-focus created by a cylindrical lens is
also employed to implement the experiment of plane
processing. To produce a similar level of surface struc-
tures, a pulse energy of 600 pJ/pulse and a scanning
speed of 1 mm/s are used. The machined result is shown
in Fig. 2(b). Though large-area material can also be re-
moved directly by this approach, the surface is definitely
not a flat plane. Since most of the laser energy still gathers
in the central area for such a directly focused beam, the
shape of the treated area is an obvious groove with the
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Fig. 2. CLSM images of fs laser fabrication by (a) an axicon-
generated donut-shaped beam and (b) a cylindrical directly focused
beam. (c),(d) The corresponding cross-sectional profiles.

031401-2



COL 16(3), 031401(2018)

CHINESE OPTICS LETTERS

March 10, 2018

depth increasing gradually to the maximum from both
edges to the center, as the cross-sectional image shown
in Fig. 2(d). Thus, it is unsuitable for highly-efficient plane
processing by a donut-shaped beam.

To apply the ability of the donut-shaped beam in
highly-efficient plane processing, laser polishing is per-
formed in this work. The influence of scanning speed, laser
pulse energy, and scanning times on the roughness of pol-
ished surfaces is systematically discussed. Figure 3 shows
polished surfaces with different scanning speeds of 0.1, 0.2,
0.4, 0.6, 0, 1.0, 1.2, and 1.4 mm/s, respectively. The used
laser pulse energies for these polished surfaces are
500 pJ/pulse, and all of them are polished with only
one scanning. The original roughness of the surface is
3.38 pm. It can be seen from Fig. 3 that the roughness
is decreased with the scanning speed increasing. Its varia-
tion tendency is illustrated in Fig. 4(a) by the blue line
with triangles. It shows that the roughness reaches the
minimum after the scanning speed is enhanced to
0.8 mm/s and then remains almost unchanged. For differ-
ent laser pulse energies, the variation tendency is the
same, but the inflection point has a left-shift for low laser
pulse energies. Like the laser pulse energy of 300 pJ/pulse
in Fig. 4(a) of the black line with squares, it is at 0.4 mm/s
of the scanning speed when the roughness reaches the min-
imum. However, the effect of the laser pulse energy on the
roughness of processed surfaces is a little complicated. As
shown in Fig. 4(a), the roughness is increased with the
laser pulse energy when the scanning speed is less than
0.6 mm/s, while the surface roughness treated with the
laser pulse energy of 400 pJ/pulse is always better than
that with 300 and 500 pJ/pulse when the scanning speed
exceeds 0.6 mm/s. For the scanning times, the roughness
appears to be worse with it added, as shown in Fig. 4(b).

The minimal roughness that has been reached in this
work is 1.4 pm. Actually, it is not a very satisfying result
compared with laser polishing results discussed in other
papersZ2). The main reason is the used laser system.

Here, a fs laser is employed, since there is only a fs laser
system in our laboratory. Generally, a low level of surface
roughness processed by a fs laser is hard to reach because
the ablation mechanism of the fs laser is mainly the
coulomb explosion, and a large number of microstructures
will be formed in the treated area. If a nanosecond (ns)
laser can be employed to polish again, as the thermal effect
is significant during the ns laser fabrication process, most
of the microstructures will be melted, and the roughness
will be improved dramatically. In this Letter, we mainly
focus on demonstrating the ability of the donut-shaped
beam in highly-efficient plane processing.

Another advantage of the proposed approach for
highly-efficient plane processing is that the scanning
width, i.e., the diameter of the final donut focus, can be
varied continuously by adjusting the relative distance
L between the lens and the objective, as shown in
Fig. 1(a). For the ring-like beam, behind the Bessel area
are two collimated plane waves with a certain angle € in
any axial section, where the diameter D’ of the donut focus
created by the lens is a fixed value. To make the diameter
D of the finally formed donut focus adjustable and to fur-
ther enhance the laser intensity at the focus, the objective
is employed. Based on the geometrical optics, the relation-
ship between the scanning width and the distance L can be
described as

D = 2f\f>tan0/(f1 + f> — L), (2)

where f; and f, are the focal lengths of the lens and the
objective, respectively. Given f; = 150 mm, f, = 8 mm,
and 6 = 1.28° we have their relationship shown in Fig. 5.
It can be seen that the scanning width can be varied from
about 0.3 mm to near 1.5 mm by changing the relative
distance L from zero to 120 mm. Moreover, the range
can be further extended by using a lens or an objective
with different focal lengths.

In this Letter, we demonstrate a simple method for
highly-efficient plane processing, fully based on fs laser

Fig. 3. Donut-shaped beam polished surfaces with different scanning speeds. (a) 0.1 mm/s, (b) 0.2 mm/s, (c) 0.4 mm/s, (d) 0.6 mm/s,

(e) 0.8 mm/s, (f) 1.0 mm/s, (g) 1.2 mm/s, and (h) 1.4 mm/s.
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Fig. 4. Influence of (a) the scanning speed and the laser pulse
energy, and (b) the scanning times on the roughness of processed
surfaces by the donut-shaped beam.
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Fig. 5. Relationship between the scanning width and the relative
distance from the lens to the objective.

beam shaping. The laser with a Gaussian distribution is
converted to a spatial donut shape. Numerical simulation
indicates that the central intensity of the donut-shaped
beam is evenly distributed along the donut contour,
and it seems like a flat top from the side view. By applying
the donut-shaped beam to the polishing experiments,
planes with a high level of flatness are obtained directly
with only one scanning, and the surface roughness is
improved significantly. Moreover, we find that the rough-
ness of polished surfaces is mainly affected by the scanning
speed, the laser pulse energy, and the scanning times.
The roughness is improved with the scanning speed in-
creasing to a steady value, and the laser pulse energy of
400 pJ/pulse and one scanning can give us a better result.
Besides, the scanning width, i.e., the diameter of the
donut-shaped focus, can be controlled in the range of

about 0.3 mm to near 1.5 mm by adjusting the relative
distance between the lens and the objective.
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