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We report experimental results on micromachining of borosilicate glass slides with femtosecond higher-order
Bessel beams. Transverse intensity profiles of these beams comprise concentric rings that are maintained over
extended linear focus zones, facilitating machining geometries with large working distances and high aspect
ratios. Both single-shot and multi-shot front-surface machining and multi-shot back-surface processing are exper-
imentally investigated. Material removal in the latter case is furnished through the immersion of the back side of
the glass slide in water. Under certain conditions, we observe evidence of self-focusing and azimuthal breakup of
the initially smooth ring intensity features of the beams near the glass—water interface. These beam dynamics result
in the formation of beaded ring features on the back surface of the glass slide. In the case of multi-shot front-surface
machining, pillar-like structures can be fabricated. © 2014 Optical Society of America
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1. INTRODUCTION

Femtosecond laser micromachining has became ubiquitous in
a wide variety of applications such as microfluidics [1], writing
optical waveguides [2], and optical data storage [3]. With the
help of beam shaping techniques, various exotic beam shapes
can be generated and used for laser micromachining. A simul-
taneous application of both amplitude and phase modulation
of the transverse beam profile allows, in principle, for the gen-
eration of an arbitrary intensity distribution of the optical field
on the material surface. Amplitude modulation, however, is
associated with optical loss, which can be undesirable. Yet
many practically relevant beam shapes can be produced
through phase-only modulation of the beam. Such beam
shapes include Bessel, vortex, and Airy beams.

Bessel beams were introduced to optics over 50 years ago
by McLeod [4]. The transverse beam profile of a Bessel beam
comprises a narrow intensity spike on the beam axis,
surrounded by concentric rings. Peak optical intensity of
the central spike is maintained over an extended propagation
distance, called the linear focus zone, due to a constant inflow
of energy from the rings into the central intensity feature. The
propagation appears to be diffraction-free relative to the case
of an ordinary Gaussian beam with the same width as that of
the main intensity spike of the Bessel beam [5]. The diffrac-
tion-free feature of Bessel beams has been recently applied
to writing channels with high aspect ratios in glass [6].

An optical vortex is another example of a beam that can be
generated through phase-only modulation of the initially
smooth input beam profile [7]. Since their introduction in
the 1990s, vortex beams have been applied in diverse areas
such as particle trapping [8] and laser tweezers [9]. Recently,
the use of vortex laser beams in surface micromachining
has been reported [10]. It has been shown that, under certain
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conditions, the interaction of a vortex beam with a material
surface can drive an implosive axial shock wave resulting
in an enhanced damage on the beam axis, where optical inten-
sity is zero. Vortices of low vorticity order of 1 or 2 have been
typically used.

An Airy beam is yet another exotic beam shape that can be
generated through phase-only beam modulation. These beams
have been introduced to optics relatively recently [11]. Like
Bessel beams, Airy beams have intensity features that propa-
gate in a diffraction-free manner. In addition, the dominant
intensity features of Airy beams propagate along curved tra-
jectories or accelerate. This self-bending property of Airy
beams has been recently applied to the machining of curved
cuts in silicon and diamond [12].

In this paper, we extend the family of exotic beam shapes
applied to laser micromachining into the case of Bessel beams
of higher order. These beams are hybrids of fundamental
Bessel beams and optical vortices. Like vortex beams, Bessel
beams of higher order carry orbital angular momentum that
grows with the order of vorticity. The transverse intensity pro-
files of these beams comprise sets of concentric rings. The
central ring has the highest peak intensity. Its radius grows
with the order of the beam. The surrounding rings supply
energy to the central ring on propagation, resulting in an ex-
tended diffraction-free propagation range through which the
peak intensity of the central ring remains high. Using femto-
second higher-order Bessel beams, we experimentally demon-
strate micromachining of ring-shaped ablation features on
front surfaces of borosilicate glass slides. These features
are produced through single-shot laser ablation. Multi-shot
ablation of the front surface of a glass slide is shown to pro-
duce a pillar-like structure. We also investigate multi-shot
laser machining of back surfaces of glass slides with
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higher-order Bessel beams. Debris removal in that case is
furnished by the immersion of the back side of the glass slide
in water. Under certain conditions we observe azimuthal frag-
mentation of the initially smooth ring intensity features of the
beams into individual filaments, due to self-focusing of higher-
order Bessel beams either in water immediately adjacent to
the back-side surface of the glass slide or inside the glass.
Similar effects have been recently observed in a condensed
medium (water) [13,14] and, at much higher intensities, in
air [15,16]. Using higher-order Bessel beams allows for the
machining of ring-shaped intensity features with high aspect
ratios.

2. EXPERIMENTAL REALIZATION OF
HIGHER-ORDER BESSEL BEAMS

The transverse amplitude distribution of the higher-order
Bessel beam of order n reads as follows:

E(p.0) = J,,(2mp/po) exp(ind), )

where J,, is the nth-order Bessel function of the first kind, 7 is
the order of vorticity, and (p, #) are transverse polar coordi-
nates. A particular case with n = 0 corresponds to the funda-
mental Bessel beam [5]. For beams of the order higher than
zero, the transverse intensity profiles of the beams comprise
sets of concentric rings. The dominant intensity ring has the
smallest diameter; for otherwise identical conditions, that
diameter grows with the beam order 7. In the absence of beam
distortions, and in the nearly paraxial case, the on-axis inten-
sity for these beams is close to zero.

A higher-order Bessel beam is generated through imposing
a phase modulation in the form

®(p,0) = —ap +nb @)

onto an input collimated Gaussian beam, followed by the
propagation of the beam into far-field or focusing the beam
with a focusing lens or a focusing mirror, in which case the
higher-order Bessel beam is realized in the vicinity of the focal
plane of the focusing optic. In the above formula, the first term
represents the axial part, which depends linearly on the beam
radius. For higher values of the parameter «, the transverse
scale of the ring features of the resulting beams are smaller,
but so is the longitudinal extent of the diffraction-free zone of
the beam, and vice versa. The second term represents the azi-
muthal part. For the case n = 0, the azimuthal term is zero,
corresponding to the fundamental Bessel beam. Typically,
phase modulations of optical beams are produced through
the application of phase masks or spatial light modulators
(SLMs). As the maximum phase contrast attainable with spa-
tial light modulators is limited, phase profiles are typically
implemented modulo 2z. An example of the modulo 27 phase
distribution needed to produce a higher-order Bessel beam of
the order 4 is shown in Fig. 1.

The fact that the phase profile imposed by an SLM is
modulo 27 introduces quasi-periodicity in the phase modula-
tion. As a result, several diffraction orders are produced
which, in general, spatially overlap and interfere, resulting
in distortions of the resulting beam pattern. An additional dif-
fraction pattern results from the pixelated nature of the SLM.
However, since pixels are usually very small (about 20 pm in
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Fig. 1. Gray scale phase distribution needed for the generation of a
Bessel beam of order 4. The phase is defined modulo 2z.
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Fig. 2. (a) The desired phase pattern. (b) An ordinary grating term
that is added to the phase pattern in order to separate different dif-
fraction orders that result from the modulo 27 phase modulation by
the SLM. (c) The resulting phase pattern imposed on the beam by the
SLM. The first-order diffraction order is used for the generation of
beams of interest; all other orders are removed by spatial filtering
in the Fourier plane of an optical relay system.

our case), the corresponding diffraction orders are typically
well separated and pose no problems. In order to cleanly sep-
arate the diffraction orders resulting from the modulo 2z
modulation by the SLM, we add an additional phase term
to the phase pattern that we wished to impose onto the beam.
The additional term corresponds to an ordinary diffraction
grating. An example of the resulting phase modulation is
shown in Fig. 2. The additional grating term makes intervals
over which the 27z steps occur smaller, resulting in a larger
angular separation between the resulting diffraction orders.
The orders become well separated and do not interfere. We
select a particular diffraction order (typically the first order)
and use it for producing desired phase modulations of the
beam profile. A relay lens system is used after the SLM,
and the undesirable diffraction orders are spatially separated
and blocked in the Fourier plane of the relay system.

3. EXPERIMENTS

The experimental setup used for the femtosecond laser micro-
machining with higher-order Bessel beams is schematically
shown in Fig. 3. The laser source is a commercial Ti:sapphire
laser system (Libra by Coherent). It outputs 65-fs-long pulses
at a repetition rate of 1 kHz. The center wavelength of the
laser pulses is 800 nm. The maximum energy per pulse attain-
able from the laser is 4 mJ, which is excessively large for the
experiments reported here. The laser beam has a nearly
perfect Gaussian shape. It is attenuated by a half-wave plate
followed by reflection off a glass surface of a prism wedge.
The angle of incidence on the surface of the wedge is
made close to the Brewster’s angle. The combination of the
waveplate and the wedge is used to introduce adjustable
attenuation, down to the nanojoule level, while maintaining
the polarization of the attenuated laser beam. Spatial modu-
lations of the transverse beam amplitude are produced
through reflecting the beam off a computer-controlled
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Fig. 3. Schematic of the experimental setup. M1, M2, and M3,
mirrors; WP, half-wave plate; PW, prism wedge; SLM, spatial light
modulator; L1, f = 1 m lens; BS, beam splitter; SF, spatial filter;
OBJ, NA = 0.45 microscope objective; L2, f = 10 cm lens.

liquid-crystal-on-silicon spatial light modulator (LCOS-SLM by
Hamamatsu Photonics). Spurious beam distortions due to
interference of different diffraction orders, that are due to
the modulo 2z beam modulation by the SLM, are eliminated
by adding an additional diffraction-grating term to the phase
profile, as discussed in the previous section. Not accounting
for the variable loss introduced by the waveplate-wedge com-
bination, the efficiency of transformation from the input beam
into the shaped beam in our setup is about 30%. That loss is
dominated by the finite diffraction efficiency into the first
order of the added diffraction grating. Examples of the trans-
verse intensity profiles of higher-order Bessel beams of
several selected orders are shown in Fig. 4. These beam pro-
files are photographed by a CCD camera placed at the plane of
the spatial filter, with the lens L1 removed.

The Fourier-transform lens L1 has a focal length of 1 m; it is
placed 1 m away from the plane of the SLM. The first diffrac-
tion order is selected in the focal plane of L1, by spatial filter-
ing, and focused by an infinity-corrected microscope objective
with numerical aperture NA = 0.45. The resulting linear focus
zone (Bessel zone) in the vicinity of the back focal plane of the
objective is about 150 pm long. Samples that we machine with
higher-order Bessel beams are borosilicate glass slides with
the thickness of 150 pm. The samples are mounted on a com-
puter-controlled linear motorized stage. By translating the
stage transversely sufficiently fast, we can perform single-shot
machining of our samples. The motorized stage is mounted on
a manual XYZ micropositioning stage, so that either front or
back surface of the sample can be placed at the position of the
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Fig. 4. Transverse intensity distributions of higher-order Bessel
beams of orders (a) 0, (b) 1, (c) 4, (d) 6, and (e) 10.
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maximum intensity within the Bessel zone of the beam. The
focusing condition is monitored through imaging the reflec-
tion off either front or back surface of the sample onto a
CCD camera, using a beam splitter and an additional lens
L2 with the focal length of 10 cm, as shown in Fig. 3.
Experiments on front-surface machining discussed here are
performed in both single-shot and multi-shot regimes.
All back-surface machining experiments are multi-shot. In
the latter case, the removal of the generated debris is
furnished through the immersion of the back surface of the
glass slide in a cell filled with water. Pulse energy is measured
with a pyroelectric energy sensor. For visualizing the results
of micromachining, the samples are sputter gold-coated
and examined with a Hitachi S3400N scanning electron
microscope.

4. RESULTS

For single-shot machining of front surfaces of borosilicate
glass slides, we use higher-order Bessel beams of orders 4,
6, and 10. The motorized linear stage is translated at a rate
of 40 mm/s which ensures single-shot illumination, with
the separation between individual ablation sites, on the glass
surface, by about 40 pm. Examples of so obtained ablation
features are shown in Fig. 5. The exposure conditions are
specified in the figure caption. In all cases shown the ablated
features are doughnut-shaped, with the diameter that in-
creases with the order of the beam, as expected. The ring
features are smooth which is indicative of the high quality
of the higher-order Bessel beams produced in our setup.

In the case of multi-shot front-surface machining, a micro-
pillar structure can be fabricated under certain conditions.

Fig. 5. Ablation marks produced by front surface single-shot machin-
ing using higher-order Bessel beams of orders (a) 4, (b) 6, and (c¢) 10.
Specific values of pulse energy incident on the sample are chosen to
produce clear ablation features. For the cases shown, the pulse-
energy values are (a) 16 pJ, (b) 18 pJ, and (c) 20 pd.

Fig. 6. Front surface multi-shot processing by a Bessel beam of order
4, with energy per pulse of 8 puJ and exposure time of about 10 s
(corresponding to about 10,000 laser shots).
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Fig. 7. Back-surface multi-shot machining using higher-order Bessel
beam of order 4. In each case shown, the ablation sites are exposed to
about 60,000 laser shots. Different cases correspond to different val-
ues of energy per laser pulse: (a) 10 pJ, (b) 12 pJ, (c¢) 14 pJ, and
(d) 16 pJ. For the first case shown, the azimuthal pulse breakup of
the ring intensity feature occurs near the glass—water interface. For
higher values of pulse energy, the azimuthal breakup occurs deeper
inside the glass sample, and the beaded ablation feature on the glass
surface disappears.

An example is shown in Fig. 6. In the case shown, the pulse
energy on the sample was 8 pJ, and the ablation site was
exposed to about 10,000 laser pulses (corresponding to 10 s
exposure time). The asymmetry in the appearance of the fea-
ture is likely to be caused by the distortion of the beam pattern
used to produce that feature. The beam distortion is evident in
the single-shot ablation mark produced by the same beam and
shown in Fig. 5(a).

For multi-shot back-surface ablation experiments, we use a
higher-order Bessel beam of order 4. In all cases, ablation sites
were illuminated for about 1 min, corresponding to the expo-
sure to about 60,000 laser shots. We found that in that case,
instead of smooth ring-shaped ablation features, laser machin-
ing produced ring-shaped features fragmented into individual
discrete spots, as shown in Fig. 7. We hypothesize that the ob-
served ring fragmentation is due to the azimuthal modulation
instability caused by self-focusing of the higher-order Bessel
beam inside the glass or in water immediately adjacent to the
glass—water interface. This conclusion is supported by the
observation that the ablation feature on the back surface dis-
appears if the pulse energy is increased by about 60%, while
keeping the exposure time constant. In that case, the azimu-
thal breakup of the ring intensity feature occurs deeper inside
the glass, distorting the subsequent propagation of the beam.
Similar behavior of higher-order optical vortices has been ex-
perimentally observed in a condensed medium (water) [13,14]
and, at a significantly higher power, in air [15,16].

We estimate that in our focusing geometry, about 70% of the
beam energy is confined within the dominant ring feature of
the higher-order Bessel beam of order 4, while the rest of the
beam energy is carried by the surrounding concentric ring
structure. For the case of pulse energy of 10 pJ, the peak
power of the dominant ring feature of the beam is about
110 MW. The critical power for self-similar collapse of a con-
tinuous-wave vortex beam of order 4 can be estimated as
P % 2/3x4xPY [17], where PY is the critical power
for self-focusing collapse of a Gaussian beam. (A vortex
self-focuses self-similarly if it maintains its doughnut-shaped
intensity feature, without it fragmenting into individual fila-
ments.) At 800 nm wavelength, in glass, PY ~ 25 MW [18],
thus Pﬁfﬁ) ~ 35 MW. It has been shown experimentally that
the azimuthal breakup of ring intensity features of vortex
beams precedes self-similar collapse [13,16]. Thus, in our case
of the higher-order Bessel beam of order 4, with peak power
of the dominant ring intensity feature of 110 MW, the power
significantly exceeds the threshold for azimuthal ring breakup
into individual filaments.
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5. CONCLUSION

In conclusion, we have experimentally investigated microma-
chining of borosilicate glass slides with femtosecond Bessel
beams of higher order. Higher-order Bessel beams extend
the family of beams that can be conveniently produced from
Gaussian beams through phase-only beam-front modulation.
Extended linear focus zones of these beams facilitate machin-
ing geometries with large working distances and high aspect
ratios. Both front-surface and back-surface machining have
been experimentally investigated. In the latter case, debris
removal was furnished through the immersion of the back
sides of the glass slides in water. We have observed azimuthal
fragmentation of the smooth ring intensity features of
higher-order Bessel beams into individual filaments, due to
self-focusing. When the fragmentation occurs near the
glass—water interface, it results in the production of distinct
point-like ablation features populating the dominant intensity
ring of the beam. Increasing pulse energy drives the fragmen-
tation deeper inside the glass material, and the point-like
features on the back surface of the glass slide disappear. In
the case of multi-shot front-surface machining, a pillar-like
structure can be fabricated.
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