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Abstract

The use of a liquid-crystal spatial light modulator (SLM) device to convert a linearly polarized
femtosecond laser beam into a radially or azimuthally polarized vortex beam is demonstrated.
In order to verify the state of polarization at the focal plane, laser induced periodic surface
structures (LIPSS) are produced on stainless steel, imprinting the complex vectorial
polarization structures and confirming the efficacy of the SLM in producing the desired
polarization modes. Stainless steel plates of various thicknesses are micromachined with the
radially and azimuthally polarized vortex beams and the resulting cut-outs are analysed. The
process efficiency and quality of each mode are compared with those of circular polarization.
Radial polarization is confirmed to be the most efficient mode for machining high-aspect-ratio
(depth/width >3) channels thanks to its relatively higher absorptivity. Following our
microprocessing tests, liquid-crystal SLMs emerged as a flexible off-the-shelf tool for
producing radially and azimuthally polarized beams in existing ultrashort-pulse laser

microprocessing systems.
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(Some figures may appear in colour only in the online journal)

1. Introduction

The past two decades have seen significant developments
in ultrashort-pulse laser microprocessing. Thanks to the
ultrashort timescale on which laser energy is coupled
to the material, sub-micron precision processing can be
achieved with very little thermal damage [1-3]. As a result,
industrial processes based on femtosecond and picosecond
laser pulse durations are becoming increasingly widespread.
Manufacturing applications include the very precise drilling
of holes for fuel-injection nozzles [3], the processing of
silicon wafers [4] and the precise machining of medical stent
devices [5, 6].

Laser—material interactions are known to be strongly
influenced by the fluence, pulse duration, wavelength and
polarization of the incident laser beam [7-9]. In particular,
polarization affects both the efficiency and the quality of
ultrashort-pulse microprocesses, including helical drilling

2040-8978/12/085601+09$33.00

and cutting [9-12]. For example, drilling high-aspect-
ratio (depth/diameter) microscopic holes in metal with
linearly polarized ultrashort-pulse lasers produces anisotropic
profiles [10, 11]. Circularly polarized beams are chosen
for most laser manufacturing applications thanks to their
isotropic properties [10], although they do not offer the
best processing efficiencies [13]. The potential benefits of
using radial and azimuthal polarizations for various laser
processing applications have been studied theoretically for
several years [13—15], leading to predictions that the use of
a radially polarized beam could enhance the efficiency of
the cutting process by more than 50% compared to circular
polarization [13]. However, producing radially or azimuthally
polarized beams has been difficult until recently, making
it complicated to verify these claims experimentally [14,
15]. In the last few years, a range of methods has been
developed to produce these modes of polarization. Recent
experimental work using these methods confirmed the benefits

© 2012 IOP Publishing Ltd Printed in the UK & the USA
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Figure 1. Experimental microprocessing setup showing how the ‘polarization mode converter’ is used. The ‘polarization mode converter’
consists of a SLM and a quarter-wave plate. Together these components convert the linearly polarized femtosecond laser beam into a
radially, azimuthally or circularly polarized beam. The ‘polarization test components’ consist of a polarizing filter (analyser) and a
SPIRICON (CCD) camera, used to verify the state of polarization of the beam. They are removed when the microprocessing tests are

carried out.

of processing with radial or azimuthal polarization [16-20].
Unfortunately, these methods either required a cumbersome
re-design of the laser cavity or used static extra-cavity
polarization converters which sometimes lacked flexibility.
Thanks to the latest technological developments in dynamic
programmable liquid-crystal devices such as spatial light
modulators (SLMs), it is now possible to produce such
polarization modes in a more flexible and cost-effective
manner. This approach has been used for high resolution
microscopy applications in [21-23]. Modern SLMs are now
able to sustain the high average power required for ultrashort-
pulse laser machining applications. Here, we demonstrate
that these SLMs are well suited for producing radially or
azimuthally polarized beams in a micromachining bench.

In this work, a phase-only liquid-crystal SLM is used
to convert a linearly polarized femtosecond-pulse laser
beam to radially or azimuthally polarized vortex beams
in order to study the properties of these beams for
microprocessing. A novel approach is used to visualize
the complex vectorial polarization structures at the focal
plane, using laser induced periodic surface structures (LIPSS)
produced on stainless steel. This allows one to check if
the expected state of polarization is achieved near the
focal point. The micromachining properties of radially and
azimuthally polarized beams are compared with those of
circularly polarized beams. Micro-cutting tests are carried out
on stainless steel, generating cut-outs of various depths and
geometries. The resulting cutting profiles are characterized,
demonstrating the effects that polarization has on the process.

2. Experimental details

2.1. Experimental setup

A schematic of the experimental setup is shown in figure 1.
The output from a femtosecond laser (Clark-MXR CPA2010,

with a minimum pulse width of 160 fs, 775 nm central
wavelength, spectral bandwidth of 5 nm, 1 mJ maximum
pulse energy, 1 kHz repetition rate and horizontal linear
polarization) was attenuated by a half-wave plate and a Glan
laser polarizer. The resulting linearly polarized beam was
incident on the ‘polarization mode converter’, which consists
of a Hamamatsu X10468-02 LCOS-SLM (liquid crystal on
silicon spatial light modulator) and a zero-order quarter-wave
plate. The SLM is of the phase-only, reflection type and
enables spatially dependent control of the beam phase front.
It consists of a 16 mm x 12 mm, 800 pixel x 600 pixel array
of horizontally oriented liquid-crystal phase retarders. In this
paper, a vortex phase shift pattern was instigated by the SLM,
producing the desired phase front. The quarter-wave plate
was inserted after the SLM to convert this phase front into
either a radial or an azimuthal polarization mode. The SLM
and quarter-wave plate together act as a ‘polarization mode
converter’ and are referred to as such henceforth. As shown in
figure 1, after reflection on Mirrors 4 and 5 the beam entered
the 10 mm aperture of a scanning galvanometer system
(made by GSI Lumonics) with a flat field lens (f = 100 mm,
NA = 0.03), driven by a programmable PC interface board
(Scanlab). Samples were mounted on a precision four-axis
(x, y, z, 6) motion control system (Npaq system, produced by
Aerotech) allowing accurate positioning of the sample in the
focal plane.

2.2. Polarization mode converter

The Glan laser polarizer (see figure 1) produced a linearly
polarized beam with its polarization oriented at +45°
with respect to the (horizontal) liquid-crystal axis of the
SLM. This linearly polarized beam can be described as
a polarization vector with equal amplitude horizontal and
vertical components.
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Figure 2. Vortex phase shift patterns generated by the SLM to convert a linear polarization into a radial polarization (pattern (a)) or an

azimuthal polarization (pattern (b)).

Each pixel on the SLM generates a phase shift ®,, at
the corresponding location (x, y) on the beam cross-section.
Therefore after reflection on the SLM, the horizontal
component of the polarization vector was retarded by an
amount &, relative to the vertical component. When &, = 0,
the resulting polarization is linear (oriented at +45°). When
®,, = A /4, the resulting polarization is circular. For all other
cases, the resulting polarization is elliptical. The beam was
then transmitted through a quarter-wave plate with a fast axis
oriented at —45° relative to the horizontal. This converted
the elliptical polarization back to linear, with a rotation of
®,,/2 relative to the incident polarization. The Jones matrix
representing the polarization properties of this system can be
split into three terms:

1 -1
Txy=Q><|:1 1:|xny. @))

The third term, Py, = [(1) ei&y], is the Jones matrix of one pixel

at location (x,y) on the pixel array of the SLM. The first
1o . . .

term, Q = [o e’i%]’ is the Jones matrix of the quarter-wave

plate (see figure 1). When a linearly polarized beam with its
polarization oriented at +-45°, represented by the Jones vector

(:)is incident on this setup, the resulting vector is
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Equation (2) shows that the resulting vector is rotated by
an angle ®,,/2 relative to the incident polarization. As ®y,
is independently controllable for each pixel, the polarization
mode converter enables a spatially dependent rotation of the
polarization.

In this setup, an overall vortex phase pattern was created
on the pixel array of the SLM by instigating a gradual change
in the phase shift between adjacent pixels. @y varies from 0 to
4w depending on the (x, y) coordinates, producing a 47 pitch
vortex phase overall. When the resulting beam passed through
the quarter-wave plate, a radial or azimuthal polarization was

generated as described in (2). Equation (2) also shows that a
residual 27 phase vortex is still present after the quarter-wave
plate: exp (i®,y/2). By adding or subtracting a constant phase
term m to the overall phase vortex, the output polarization
mode can be changed between radial and azimuthal (figure 2).

The linear-to-radial/azimuthal mode conversion was
checked using a polarization analyser and a SPIRICON
camera placed in the beam path, after the polarization mode
converter (dotted components in figure 1). The beam profiles
transmitted through the polarization analyser can be seen in
figure 3. The regions of the beam with polarization vectors
that are parallel to the direction of the polarization analyser
are transmitted through the analyser and are detected by
the camera. The regions where the polarization vectors are
perpendicular to the analyser are blocked. The beam profiles
shown in figure 3 are consistent with what is typically
expected from analysing a radially (figure 3(a)) or azimuthally
(figure 3(b)) polarized beam, in line with [24]. As anticipated
with such beams, rotating the polarization analyser clockwise
causes the detected beam profiles to rotate clockwise.

3. Results and discussion
3.1. Surface processing

The results described above confirm that collimated beams
with the expected polarizations have been generated by the
SLM mode converter. However, the complex polarization
and phase structures associated with radial/azimuthal vortex
beams are also expected to affect the properties of the focal
spots produced with these beams, as suggested in a numerical
model in [25]. Therefore, a second check was required
to confirm that the integrity of the polarization modes is
maintained at the focal point of the system. Analysing the
polarization in the focal region of an optical setup is extremely
difficult, especially in the case of a femtosecond laser system,
where the high peak intensity could damage any optics placed
near the focal plane. To overcome this problem we used
an indirect method, which involved producing LIPSS on a
stainless steel sample, to analyse the polarization vectors in
the focal plane. LIPSS are produced by laser irradiation of
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Figure 3. Beam profiles observed with a CCD camera (SPIRICON beam profiler) after transmission through a horizontally oriented
polarization analyser. The colour-coded scale (in arbitrary units) represents the amplitude of the beam. Only the components of the
polarization vectors that are parallel to the analyser are transmitted through. (a) The profile of a radially polarized beam; (b) the profile of an
azimuthally polarized beam. (c) A schematic of the vectorial structure of a radially polarized beam; (d) a schematic of the structure of an

azimuthally polarized beam.

Figure 4. Optical micrographs showing the structures of the polarization vectors at the focal point of the microprocessing setup, imprinted
into the surface of a stainless steel work-piece using LIPSS produced by 15 # 5 fs pulses at 5 uJ per pulse (1.5 J cm™2). The arrows show
the direction of the LIPSS and are perpendicular to that of the polarization vectors. The mode converter successively produced laser beams
polarized linearly, circularly, radially and azimuthally, producing the laser spots in (a), (b), (c) and (d), respectively.

a material close to its ablation threshold. They develop in a
direction perpendicular to that of the polarization vectors of
the beam [26-29]. In this work, LIPSS are used to imprint the
vectorial structure of the polarization near the focal point on
the surface of the stainless steel sample.

The mode converter produced a linearly, circularly,
radially and azimuthally polarized beam in turn. To produce
the LIPSS, the surface of a stainless steel work-piece was
marked with the laser pulse energy attenuated to 5 wlJ
(1.5 J cm—2), using the setup described in figure 1 (without the
dashed components). The numerical aperture of the focusing
optics is 0.03. Each point was exposed to ~15 laser pulses,
producing spot diameters of 38+ 10 wm. After processing, we
analysed the laser marked spots with an optical microscope.

Figure 4(a) shows the LIPSS within the laser spot
produced with a linearly polarized beam. The LIPSS formed
as recurring linear structures oriented perpendicular to
the direction of polarization. This is consistent with the
experimental results described in [26]. Figure 4(b) shows the
laser spot produced with a circularly polarized beam. No
structure could be clearly identified within the spot. This is
consistent with the fact that the direction of the polarization
vectors varies over time in a circularly polarized beam.
Figure 4(c) shows the laser spot produced with a radially
polarized beam. The resulting LIPSS formed recurring curved
structures centred on the middle of the laser spot. As the
direction of the LIPSS is perpendicular to that of the electric
field vectors [27], the geometry of the structures inside
the laser spot implies that the electric field vectors are
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azimuthally oriented, i.e. the polarization is azimuthal around
the focal point. Figure 4(d) shows the laser spot produced
with an azimuthally polarized beam. The LIPSS formed an
approximate circular pattern around the centre of the laser
spot, implying a radial polarization near the focal point.
As expected, the radially and azimuthally polarized beams
produce patterns of LIPSS that are perpendicular to each
other. This is most visible at the edges of the laser spots
(figures 4(c) and (d)).

The investigation of the LIPSS above revealed that the
radially polarized collimated beam from the mode converter
produced an azimuthally polarized focal region and vice
versa. It is interesting to consider why the state of polarization
in the focal region is orthogonal to that of the collimated
beam. The numerical simulation of a microscopy setup in [30]
predicted such inversion of polarization, where a radially
polarized vortex beam becomes azimuthally polarized in the
focal region of the microscope. To explain the physical reason
behind this phenomenon, we developed an analytical model
of the optical setup used in our experiments. A detailed
description of the model will be published elsewhere. The
model showed that the polarization inversion at the focal
plane is related to the vortex phase of the beam and does not
occur when focusing a beam with a planar phase (i.e. without
vortex phase). For example if we integrate the vector field
produced by focusing a radially polarized vortex beam, we
can show that the radially polarized components of the vector
field cancel each other out at the focal plane, whereas the
azimuthally polarized components interfere constructively.
Our model also showed that this type of beam does not
produce 100% polarization purity at the focal plane, but
rather a hybrid mode that includes a small circularly polarized
region in the centre of the focal spot, and azimuthally
polarized regions around the centre. It is also possible to
remove the polarization inversion effect by adding a two-lens
telescope after the mode converter to re-image the surface of
the SLM to the back aperture of the galvanometer. Further
experimental work using an optical setup designed in this way
has demonstrated that the inversion of polarization at the focal
plane can be avoided. The details of these experiments will be
published elsewhere.

It is noted that the size and shape of the laser spots were
also affected by the vortex phase structure of the radially
and azimuthally polarized beams. The radially/azimuthally
polarized vortex beams focused as elliptical spots with two
lobes. This is consistent with theoretical predictions in [31],
where the focusing properties of a radially polarized vortex
beam are investigated using a numerical simulation. The
linearly and circularly polarized beams, which do not have
a vortex phase structure, produced slightly smaller spots
without lobes (32 = 5 pum for linearly/circularly polarized
beams versus 40 = 5 pum for radially/azimuthally polarized
vortex beams).

The analysis above confirmed that the polarization mode
converter described in this paper enabled a radial or azimuthal
polarization state to be produced at the focal plane, although
this state of polarization was orthogonal to that of the
collimated beam. These results are the first experimental

evidence showing the inversion of polarization when focusing
a radially or azimuthally polarized vortex beam. This is an
important result for material processing, where only the state
of polarization within the focal region is relevant. It highlights
the need to check the state of polarization at the focal plane
of a laser processing bench. In the machining tests described
henceforth, we refer to the state of polarization at the focal
plane only, i.e. not the polarization of the collimated beam.

3.2. Micromachining

Having established the ability to generate the desired modes of
polarization as discussed above, we looked into the machining
process efficiency and the quality achievable with them. The
aim is to either verify or invalidate theoretical predictions
that radial polarization significantly improves the machining
efficiency compared with circular polarization [13]. Thus
stainless steel plates were machined using the scanning setup
described earlier (figure 1) and the resulting cut-outs were
studied.

Each stainless steel test piece was machined with three
square holes, one for each polarization mode (the SLM
mode converter was set to produce either a radially, an
azimuthally or a circularly polarized focal region). Apart from
the polarization state, the same process parameters were used
for each square so that the results can be compared. A range of
plate thicknesses were used (200-380 um) to give an insight
into the way these polarization modes influence the coupling
of the laser energy to the stainless steel at various depths.
The machining tests were repeated using various exposure
durations to compare the efficiency of the cutting.

A laser pulse energy of 75 uJ was used, corresponding
to a peak fluence of ~24 J cm™2. This is much higher
than the ablation threshold of stainless steel which is around
0.16 J cm™2 [32]. The laser spot diameter, calculated
according to the parameters of the optical setup, is 2wo =
4AM*f/(xD) =28 £ 1 um (M? = 1.3, f = 100 mm, D =
6 mm). For all the tests, 650 um sided square beam paths were
programmed into the scanning galvanometer and scanned as a
continuous loop for the chosen exposure duration, generating
square cut-outs in the centre of the beam path. After exposure
to the laser beam, the stainless steel plate was placed in an
ultrasonic bath, so that the ultrasonic waves would clean and
remove the central cut-outs if the cutting had been successful.
This method is used to compare the cutting efficiency, the
average volume of ablation and the quality of machining
between each polarization state.

3.2.1. Overall cutting efficiency. A comparative study of
the cutting efficiency achievable with each polarization mode
was undertaken by checking which of the three holes were
successfully cut out from the plate for a given exposure
duration. To find out the most efficient polarization mode,
we look at which hole is produced first, i.e. the one with the
shortest exposure time.

A 380 pum thick plate was exposed to the beam for
9.5 min per hole. Subsequent exposure to ultrasonic waves
successfully removed the cut-outs for all polarization modes.
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Table 1. Minimum laser exposure required for cutting through stainless steel plates of various thicknesses. Results based on cutting
650 pwm square holes using radial, azimuthal and circular polarizations (775 nm, 160 fs pulses, 1 kHz repetition rate, pulse energy: 75 uJ).

Plate thickness ~ Azimuthally polarized

Radially polarized focal

Circularly polarized

(um) focal region (min) region (min) focal region (min)
380 9.5 8.5 9

310 9 8 8.5

200 4 4 4

The experiment was repeated, shortening the laser exposure to
8.5 min per hole. In this case, only cut-outs machined with a
radially polarized focal region were removed by the ultrasonic
waves. Reducing exposure further led to the failure of cutting
for all polarization modes. These experiments were repeated
with a 310 um thick plate and produced the same results: a
radially polarized focal region successfully produced cut-outs
in the shortest exposure duration (8 min in this case). Next, the
experiment was repeated with a 200 um thick plate exposed
to the laser beam for 4 min per hole. In this case, all the
polarization modes produced clear cut-outs. The same plate
was processed again, but with the laser exposure reduced to
3.5 min per hole. In that case, the cutting failed for all the
polarization modes. In the case of machining a 200 pum thick
stainless steel plate, this comparative study could not single
out one of the polarization modes as more efficient than the
others. Table 1 summarizes these experimental results for all
the processing parameters tested.

These machining tests revealed that a radially polarized
focal region is more efficient than a circularly or azimuthally
polarized one for cutting deep structures such as the ones
produced in the 310 and 380 wm thick stainless steel plates.
Under these experimental conditions, a radially polarized
focal region reduces the minimum laser exposure duration
by ~5% compared to a circularly polarized one. However,
the comparative advantage of machining with this mode
disappears when the depth of the machined structures is
reduced, as demonstrated by cutting through 200 pum thick
plates.

The higher efficiency obtained with a radially polarized
focal region for machining high-aspect-ratio channels was
predicted theoretically in [13] and confirmed in the
experimental analysis above. This increased efficiency is
related to the internal reflections that occur during the
machining of the micro-channels. When the laser beam is
radially polarized in the focal region, it produces internal
reflections which are mostly p-polarized. When the focal
region is azimuthally polarized, the internal reflections are
mostly s-polarized. With circular polarization, the internal
reflections are an average of p- and s-polarizations. For
a typical high-aspect-ratio channel geometry, the angle of
incidence on the sidewalls is around 80°. The corresponding
value for the reflectivity of steel is around 47% for
p-polarization and 94% for s-polarization [10]. Therefore,
the intensity of light reflected from the walls during the
machining is approximately twice as much with an azimuthal
(s-) polarization compared with a radial (p-) polarization. This
results in a higher loss of energy through the exit of the
channels machined with an azimuthal polarization. On the

other hand, a radial polarization increases the coupling of
the laser beam energy to the sidewalls during the machining,
compared with a circular or azimuthal polarization. However,
when lower aspect-ratio channels (depth/width < 3) are
machined, fewer internal reflections occur on the sidewalls.
The influence of polarization on coupling the laser energy to
the work-piece is not so critical in that case, explaining the
similarity in the efficiency of cutting through a 200 pm thick
plate between all the polarization modes.

It is noted that, due to the phase vortex of the
radially/azimuthally polarized beams, the polarization purity
at the focal plane is not 100%. A residual circularly polarized
region is present in the centre of the focal spots produced
with these beams. This could slightly reduce the gains
in processing efficiency compared with a homogeneous
circularly polarized beam. It is thought that use of a radially
polarized beam with a planar phase could further increase
the efficiency of the process, since such a beam produces a
better polarization purity at the focal plane compared with a
vortex beam. Future work will look at microprocessing using
an optical setup re-designed to produce radially/azimuthally
polarized beams with a planar phase. It is also noted
that the slight difference in the laser spot size between
the radially/azimuthally polarized vortex beams and the
circularly polarized one (figure 4) could also affect the process
efficiency. This is discussed further in section 3.2.2.

3.2.2. Ablation efficiency. To further investigate the
machining efficiency, the overall volume of ablated material
was measured for each polarization mode. The cut-outs
removed after machining as described above were imaged
with an optical microscope. Table 2 (second row) shows
optical micrographs of the sidewall of cut-outs removed from
a 310 um thick stainless steel plate after a 9 min exposure to
the laser beam per hole.

By measuring the cross-sectional area of the sidewalls of
the cut-outs, the overall volume of ablated material can be
derived for each polarization mode. Figure 5 shows the typical
geometry of a cut-out and the dimensions required to derive
the volume of ablated material. The cross-sectional area of the
cut groove is Ag = HL—Aco (see figure 5). H is the thickness
of the sample plate (H = 310 um in the example illustrated in
table 2). L is the length of a side of the (square) beam path
(650 um here). Aco is the cross-sectional area of a side of the
cut-out. It is measured from the optical micrographs using the
associated imaging software. The volume of ablated material
V can be derived by multiplying the cut groove cross-sectional
area, Ag, by the overall length of the groove, V = 4LAg.
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Table 2. Results of laser cutting square shaped holes from a 310 um thick stainless steel plate, using radial, azimuthal and circular
polarizations (775 nm, 160 fs pulses, 1 kHz repetition rate, laser scanning speed: 5 mm s~!, pulse energy: 75 uJ, duration of laser exposure:

9 min per hole).

Azimuthally polarized focal
region

Radially polarized focal
region

Circularly polarized focal
region

Bottom of the square
cut-outs, showing the
exit grooves

Sidewall of the square
cut-outs after removal
from sample plate

Surface profile of
sidewalls: only the area
highlighted in red (see
above) is displayed. The
colour-coded scale
shows the distance from
an average mid-plane, in
pm. From these surface
profiles, the roughness
average can be
measured

Roughness average (Ra)
of sidewalls: (measured
on the lower half of
each side wall)

1.0 £ 0.4 um

Volume of material ~19.1 x 10° um?

ablation

Overall micromachining Lowest

efficiency

1.0£0.7 um

~19.1 x 10° um?

Highest

0.9+ 0.4 um

~15.8 x 10% pm?

Intermediate

To ensure consistency in the results and gauge the level
of uncertainty in the measurements, several cut-outs have
been machined and measured for each polarization state.
When 310 um thick stainless steel plates were exposed to
the laser beam for 9 min per hole, a circularly polarized
focal region ablated an average volume of ~15.8 x 10% m?,
while a radially or an azimuthally polarized focal region

both ablated an average volume of ~19.1 x 100 pum?
(see table 2). According to these figures, radially and
azimuthally polarized beams ablated approximately 20%
more material than a circularly polarized one. The difference
in ablation efficiency between these beams can be explained
with the difference in the size of the laser spots at the
focal point.
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Figure 5. Schematic of the geometry of a cut-out from a sample
plate after laser exposure: (a) top view; (b) side cross-section.

When the mode converter was used to produce a radially
or an azimuthally polarized vortex beam, the resulting laser
spot at the focal point was wider than that produced with
a circularly polarized planar phase beam (32 &= 5 pum for
linearly/circularly polarized beams versus 40 &+ 5 um for
radially/azimuthally polarized vortex beams, see figure 4). A
wider spot increases the size of the ablation front, enabling a
more effective channelling of laser energy inside the machined
structures by avoiding excessive reflections on the sidewalls.
The wider spot also facilitates ejection of the ablated material,
which helps to maintain a high ablation rate when machining
high-aspect-ratio structures. The result of these effects is an
increased sidewall taper angle. The circularly polarized beam,
which produced a smaller spot at the focal point, ablated
comparatively less material and produced a smaller taper.

3.2.3. Machining quality.  In order to compare the quality
of machining achieved with each polarization mode, the exit
grooves obtained after laser cutting were examined with an
optical microscope, prior to removing the cut-outs in an
ultrasonic bath. Once the cut-outs had been removed, their
sidewalls were studied using an optical surface profiling
system (i.e. a white light interferometer, WYCO NT1100)
to examine the surface quality and measure the roughness
average (Ra).

Table 2 (first row) shows optical micrographs of the
exit grooves obtained from machining a 310 um thick
stainless steel plate for 9 min per hole. It can be seen

that machining with a circular polarization mode produced
ripples and filaments on the edges of the exit grooves. An
azimuthally polarized focal region produced a better quality
than a radially or circularly polarized one, with fewer ripples
and filaments distorting the shape of the exit grooves. These
findings are consistent across the full range of stainless steel
plate thicknesses and exposure times tested here.

In order to check if the ripples and filaments seen on
the exit grooves also affect the sidewalls, the roughness
average, Ra, of the surface of the sidewalls was measured for
each cut-out from a 310 pum thick stainless steel plate. To
ensure consistency in the results, several cut-outs have been
measured and the results averaged: Ra = 1.0 = 0.7 um for
a radially polarized focal region, Ra = 1.0 &= 0.4 um for an
azimuthally polarized focal region and Ra = 0.9+ 0.4 um for
a circularly polarized one (see table 2). This indicates that in
terms of surface roughness, the machining quality was fairly
similar (within 10%) for all polarization modes.

4. Conclusions

In this paper, we have demonstrated the use of a phase-only
liquid-crystal SLM to convert a 775 nm linearly polarized
femtosecond-pulse laser beam into radially and azimuthally
polarized vortex beams. We have also demonstrated the use of
these beams for microprocessing stainless steel. By producing
LIPSS on the stainless steel, the vectorial structure of these
polarization modes has been permanently imprinted into the
material. This novel method allows analysis of the focusing
properties of radially and azimuthally polarized vortex beams,
which is typically a difficult thing to do. Interestingly, the
results produced here indicate that geometrical effects can
lead to the inverting of the polarization state of cylindrically
polarized vortex phase beams at the focal region, i.e. a radially
polarized vortex beam becomes azimuthally polarized at the
focal region and vice versa. The inversion of the polarization
state when focusing a radially or azimuthally polarized vortex
beam is an important result for material processing, where
only the state of polarization within the focal region is
relevant.

The properties of the radial and azimuthal polarization
modes for micromachining stainless steel plates of various
thicknesses have been studied and compared with those
of circular polarization. Radial polarization at the focal
plane was confirmed to be the most efficient mode for
machining high-aspect-ratio channels due to the relatively
higher absorptivity of this mode, leading to a better coupling
of the laser energy to the sidewall during the machining
compared with other modes of polarization.

To our knowledge, this work is the first detailed
investigation looking at the microprocessing properties of
radially and azimuthally polarized femtosecond vortex pulses.
Following our microprocessing tests, liquid-crystal SLMs
emerged as a flexible off-the-shelf tool for producing
radially and azimuthally polarized beams in existing
ultrashort-pulse laser microprocessing systems. Future work
will investigate femtosecond-pulse laser micromachining of
semiconductor and dielectric materials, using an SLM to
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produce these polarization modes. The machining efficiency
of radially/azimuthally polarized vortex beams will also be
compared with that of radially/azimuthally polarized beams
with a planar phase.
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