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Abstract: The polarization state of an ultrafast laser is dynamically
controlled using two Spatial Light Modulators and additional waveplates.
Consequently, four states of polarization, linear horizontal and vertical,
radial and azimuthal, all with a ring intensity distribution, were dynamically
switched at a frequency v = 12.5Hz while synchronized with a motion
control system. This technique, demonstrated here for the first time, enables
a remarkable level of real-time control of the properties of light waves and
applied to real-time surface patterning, shows that highly controlled
nanostructuring is possible. Laser ablation of Induced Periodic Surface
Structures is used to directly verify the state of polarization at the focal
plane.
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1. Introduction

Polarization is a critical parameter in the linear and non-linear interaction of laser radiation
with matter. For example, simple Fresnel reflection from a dielectric interface near Brewster’s
angle [1], atomic absorption and emission of light in the presence of a magnetic field (Zeeman
effect) [2] and ultrafast laser surface ablation [3] all show significant effects of incident
polarization state. In [3], the observed asymmetric ablation geometries and nano-structures
were related to the direction of linear polarization. Also, high intensity non-linear phenomena
such as self-focusing [4], filamentation [5—7] and multi-photon ionization (MPI) in atoms [8,
9], molecules [10] and solids [11, 12] are all polarization sensitive. With MPI at low non-
linear order N < 4, circular polarization couples more strongly than linear [8, 9] while at high
N = 6 a significant reversal occurs, decisively demonstrated in the 6-photon MPI of fused
silica and sapphire with near-infrared (NIR), 50fs laser pulses yielding (o ™/ 66 “™°) ~3.7 and
~7 respectively [12] in agreement with theoretical predictions [13]. These differences arise
from quantum selection rules, applicable even in solids and related to conservation of angular
momentum during the absorption process.

Femtosecond inscription inside dielectrics with linear polarization can lead to birefringent
photonic components [14] and nano-scale periodic modulation of refractive index through
interference between the laser field and the electric field of bulk electron plasma waves [15].

#196357 - $15.00 USD Received 26 Aug 2013; revised 2 Oct 2013; accepted 4 Oct 2013; published 16 Oct 2013
(C) 2013 OSA 21 October 2013 | Vol. 21, No. 21 | DOI:10.1364/OE.21.025333 | OPTICS EXPRESS 25334



In addition, surface nanostructuring of metals and semi-conductors with ultrashort laser pulses
near ablation threshold creates wavelength-scale laser induced periodic surface structures
(LIPSS), perpendicular to the local electric field vector and thus highly polarization sensitive
[16, 17]. Furthermore, static plane wave radial and azimuthal polarization states have been
used for demonstrating precise, high numerical aperture (NA = 0.9) nanostructuring of glass
which revealed clearly the polarization states while also showing the predicted z-component
of the electric field [18].

In all these examples, the ability to control and manipulate the state of polarization of the
incident beam is desirable as it allows better control of laser-material interactions. A number
of methods have been developed for polarization control. These methods can be categorized
as dynamic or static. Dynamic methods typically involve modifying the direction of a linear
polarization with time. For example, by using continuously rotating waveplates during laser
microprocessing, the quality of the produced structures can be greatly improved [19-21].
However, the mechanical rotation of optical components can be adversely affected by
vibrations and prone to mechanical failure. An alternative dynamic method used low
bandwidth real-time switching between two orthogonal linear polarization states with the aid
of a liquid-crystal polarization rotator [22]. Static methods include for example the generation
of spatially structured polarization fields such as radial or azimuthal. These can be produced
with a birefringent plate [23] or a Spatial Light Modulator (SLM) [24, 25].

In addition to polarization, SLMs also allow arbitrary control of a laser beam wavefront,
thus leading to arbitrary parallel surface patterning [26] and real-time 3D femtosecond
inscription in dielectrics [27]. Recently, with the aid of two SLMs, thin film nanostructuring
with two fixed orthogonal linear states of polarization was demonstrated, avoiding
interference between adjacent spots [28]. In another important recent development, 5D, high
NA femtosecond inscription of arbitrary directed birefringent structures was demonstrated by
combining a SLM and special birefringent micro-structured waveplate [29]. Furthermore, our
previous research [25] involved the generation of parallel beams with static radial and
azimuthal polarizations for ultrafast laser microprocessing using two SLMs, although the
dynamic capabilities of SLMs were not used in [25].

Dynamical switching of arbitrary polarization states opens up the possibility to further
control the light field — material interactions in a highly desirable and flexible manner,
however to the best of our knowledge this has not been demonstrated previously. This paper
thus introduces dynamic control of spatially structured polarization fields in a picosecond-
pulse laser microprocessing system, using two phase-only SLMs in series. As a proof of
concept, the polarization was modulated at a speed of up to 12.5Hz, switching between four
distinct states: linear horizontal and vertical, radial and azimuthal, whilst scanning the beam
on the surface of a highly polished steel sample. The polarization modulation was analyzed
through surface plasmon nanostructuring of LIPSS within the exposed regions of the samples.
This approach clearly demonstrated that the desired polarization states were achieved with
high fidelity and fully synchronized with laser pulse micro-positioning at the target surface.
Symmetric surface patterns with multi-pulse exposure as well as results with beam scanning
are presented, fully confirming the polarization switching and synchronization.

2. Experimental details
2.1 Experimental setup

A schematic of the experimental setup is shown in Fig. 1. The laser source is a Coherent
Talisker with a pulse width of 10ps, a wavelength of 532nm (linewidth ~0.1nm), M* <1.3,
average power of 8W, 200kHz maximum repetition rate and a horizontal linear polarization.
The beam is expanded using a telescope (Jenoptic) with x3 magnification. To modulate
wavefront as well as polarization, two Hamamatsu X10468-04 LCOS-SLMs (Liquid-Crystal
On Silicon Spatial Light Modulators) and a pair of zero-order waveplates are used (Fig. 1).
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The SLMs (referred to as SLMI1 and 2 in Fig. 1) are of the phase-only, reflection type and
consist of a 16x12mm, 800x600 pixel array of horizontally oriented liquid-crystal phase
retarders. SLM1 is used to control the wavefronts whereas SLM?2, together with the
waveplates, is used to control polarization.

After the SLMs, there is 4f optical system (Lens 1 and 2 in Fig. 1) which uses plano-
convex lenses (f = 400mm) to re-image the surface of SLM2 (Fig. 1) to the 15mm input
aperture of a scanning galvo (Nutfield). At the galvo output, the beam is focused with a flat
field f-theta lens (f = 250mm). For processing experiments, samples are mounted on a
precision 3-axis (X, y, z) motion control system (A3200 Ndrive system, Aerotech) allowing
accurate positioning in the focal plane. The modulation of polarization is synchronized with
the beam scanning motion on the sample thanks to a real-time control unit Aerotech Nmark
SSam (Synchronized Scanning and motion) which runs within a Labview environment,
driving the scanning galvo as well as synchronizing application of previously Computer-
Generated phase Holograms (CGHs) to the SLMs.

Prior to processing the samples, the collimated beam is analyzed with a SPIRICON beam
profiler and a polarizing filter located just before Lens 1 (see Fig. 1). The camera had no
focusing lens.

Lens2
Scanning N\Mirror 2 SPIRICON 1 j Polarization test components
Galvo - \ camcra <:| Direction of propagation
: — ﬁ Lens 1 Analyser /4 plate SLM 2
Flat Field NEELEYNE =
Lens T SR :\\. S S SR RS
Mirror 1 v -~
——
3 Axis
Stage Coherent Talisker
- SLM 1
e
1 Magnifving

telescope

Fig. 1. Schematic showing how the SLMs together with the waveplates are used to control the
wavefront and polarization of a picosecond-pulse laser microprocessing setup. The laser source
provides a 532nm wavelength, 10ps pulse beam with a horizontal linear polarization, incident
on SLMI. After SLM1, a half-waveplate tilts the polarization direction to + 45J , incident on
SLM2. In this setup, SLM1 is used to control the wavefront whereas SLM2 is used to control
the polarization. The “polarization test components” are removed when the microprocessing
tests are carried out.

2.2 Optical configurations

The beams produced with the SLM-based setup can be expressed as a Jones vector noted
J(x,y), where x and y are the horizontal and vertical coordinates across the beam profiles. A
full derivation using the optical properties of the setup [25] gives:

. _ JYES)) sin 1152(;:}')
J(x,y)=¢ *xe""xe 2 x (1)
cos & (xy)
2

where ¢ (x,y)and @,(x,») are the relative phase delays, or CGHs, induced with the first and
second SLM respectively (Fig. 1). Equation (1) shows that the wavefront and polarization can
be controlled by adjusting ¢ (x,y)and ¢, (x,y) respectively, so that the resulting beams have
the desired optical field structures. For the experiments, the SLMs were configured to produce
four distinct optical field configurations: linearly polarized beams (horizontal or vertical) with
a vortex wavefront (carrying an orbital angular momentum of / = 1), or radially and
azimuthally polarized beams with a planar wavefront. The values ¢ (x,y)and ¢,(x,y)in each
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case are summarized in Fig. 2. The (fixed) CGH applied to SLM1 (expressed as ¢(x,y) in

Fig. 2) created a vortex wavefront whereas the four CGHs sequentially applied to SLM2
(expressed as @,(x,y) in Fig. 2) modulated the polarization states. All these optical field

configurations produce the same ring-shaped intensity distribution when focused with a low
NA lens such as the one used in our experiment. Therefore the fluence at the sample surface is
the same in each case. Importantly, the SLMs enable to dynamically control ¢ (x,y)and

&,(x,») so that the state of polarization can be modulated in real-time.

Designed Beam SLM 1 SLM2 SPIRCON
Configuration P1(x,y) ¢2x,¥)  Beam Profile

Azimuthally Polarized
planar wavefront beam
Radially Polarized
planar wavefront beam

Horizontal Linearly
Polarized vortex beam

Vertical Linearly
Polarized vortex beam

.

Fig. 2. Summary of the various beam configurations used for the experiments. ¢ (x,y) and

@,(x, y) are adjusted to shape the beam wavefront and polarization respectively. The resulting

collimated beams are analyzed with a horizontally-oriented polarizing filter and SPIRICON
beam profiler, located just before Lens 1 (see Fig. 1). The (unfocused) beam profile observed
in each configuration is shown in the right-hand column (the color-coded scale represents
intensity in arbitrary units and the arrows represents the transmission axis of the analyzer).
Note that the vertical linearly polarized beam is completely blocked by the analyzer.

2.3 Experimental procedure

For the experiments, the modulated laser beam is used to process the surface of a highly
polished stainless steel sample, using a fluence near the ablation threshold of steel, which is
~0.16J/cm® [30]. This leads to the formation of wavelength-sized LIPSS, which develop
orthogonally to the local electric field vectors of the beam [16, 17]. Therefore, by modulating
the incident polarization field, we control the way LIPSS develop on the surface. The
experiments consisted in laser processing the sample surface, whilst dynamically changing the
polarization fields so as to produce the desired LIPSS patterns over large scales.

For all these tests, the laser output is attenuated to produce a pulse energy of 3uJ (fluence
F ~0.2J/cm® at focal plane). Various processing geometries are used, where the sample is
exposed to produce either sets of discrete laser spots or continuous scanned lines. In the
former case each spot is exposed for 20ms whilst the beam remains static and in the latter case
the beam is scanned at 2.5mm/s. In either case each region is exposed with an average pulse
overlap of ~100pulses, with a pulse repetition rate of SkHz. After laser exposure, the
processed surfaces are imaged with an optical microscope and Scanning Electron Microscope
(SEM).
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3. Results and discussion

Thanks to its flexibility, the setup allows processing a wide range of geometries, where the
desired state of polarization is applied within each region. A number of experimental
configurations are demonstrated below.

3.1 Discrete patterns of laser spots with polarization control

As a first case study, the experimental setup was configured to produce a discrete pattern of
laser spots, where the overall geometry was designed to represent four letters “LLEC” (Fig. 3,
representing Lairdside Laser Engineering Centre), each with a distinct state of polarization.
Thus, four sets of laser spots are sequentially produced so that each letter of the geometry has
a different state of polarization. Each spot was imprinted with 100 pulses at 0.2J/cm’ (see
processing parameters in Section 2.3 above) and the overall exposure duration for the whole
geometry was ~4s (52spots) corresponding to a polarization switching bandwidth of ~1Hz.

il
il

\

il -\

Fig. 3. (Centre) Optical micrographs showing the processed geometry, which is produced by
marking four distinct sets of laser spots, each set using a different state of polarization. (Top
and bottom) magnified regions of laser spots, imaged with an SEM. The ablation spots had
been produced either with a radially (top-left inlay), azimuthally (top-right inlay), horizontally
(bottom-left) and vertically (bottom-right) polarized beam. The red arrows represent the
direction of local electric field vectors.
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The bandwidth of polarization switching was calculated approximately from the time
taken to micro-structure the overall pattern, allowing for the number of switching cycles
during the procedure (with nearly the same number of spots in each letter).

After laser processing, a microscopic investigation of the produced geometry revealed the
details of the laser spots (Fig. 3). As expected, each produced laser spot had a ring-shaped
structure. The laser exposure had also led to the development of LIPSS within each spot. The
geometry of LIPSS, imaged with an SEM in Fig. 3, is consistent with that expected when
processing with a linear, radial or azimuthal state of polarization, in line with [16, 31, 32].
Note that the micro-machined spots do show some residual distortion in their shape due to the
resolution limit of the SLMs, where the pixel size (~20um) and discrete phase modulation
induced some discontinuity in the produced wavefronts which affected the focal intensity
distributions.

The polarization states are also easily visualized using low-angle side illumination shown
in optical micrographs, Figs. 4(a) and 4(b) where two illumination sources (white light,
unpolarized) at grazing incidence were used, located on either side of the sample along a
single axis (red arrows in Fig. 4). Due to their diffractive properties, only the areas where
LIPSS are perpendicular to the axis of illumination reflected the low-angle light, Fig. 4(a),
while the other areas remain dark. Therefore, each microscope image shows the part of the
geometry that reflected the illumination through diffraction on the LIPSS. Rotating the axis of
illumination by 90° reveals the remainder of the geometry, Fig. 4(b). This confirmed that each
set of laser spots (i. e. each letter of the geometry) has a distinct LIPSS pattern, hence the
desired states of polarization have been successfully achieved and confirmed unambiguously
from these diffractive patterns.

Fig. 4. Optical micrographs showing the processed geometry, imaged with side-illumination at
grazing incidence. The illumination source was a white light, unpolarized source from a
tungsten lamp coupled through a flexible optical fiber. The red arrows show the axis of
illumination, which is horizontal in (a) and vertical in (b). Thanks to the diffractive properties
of LIPSS, only the areas that had been exposed with polarization vectors parallel to this axis
reflect the low angle illumination through the microscope. The other areas remain dark.
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3.2 Arrays of laser spots with dynamic polarization control

The states of polarization can be easily modulated in real-time during processing. The
experimental setup was configured to produce discrete patterns of laser spots arranged in a
square array, each with the desired LIPSS orientation. As before, each spot is produced with
100 pulses at 0.2J/cm?, as described in Section 2.3 above.

Figure 5 shows an array of laser spots produced using two orthogonal states of
polarization, linear horizontal and linear vertical (and with a vortex wavefront, as described in
Section 2.2). The polarization direction is set to horizontal to imprint a first set of four laser
spots at the chosen locations within the geometry. The polarization is then flipped
synchronously to the vertical direction and a second set of four laser spots is imprinted. This
process is repeated several times to produce the overall laser spots array (i.e. 36 sets of four
laser spots). The resulting pattern, (Fig. 5) is beautifully symmetric with alternating arrays of
laser spots with orthogonal LIPSS orientations. As hardware and software timing delays had
not been optimized at this stage, the time required to produce the whole array (144 laser spots)
was ~22s. The average time to micro-machine each set of four spots was therefore 22/36 =
0.61s and the effective polarization switching bandwidth was v = 1.6Hz.

Fig. 5. Optical micrograph showing the produced array of laser spots, imaged with side-
illumination at grazing incidence (red arrows). Thanks to the diffractive properties of LIPSS,
only the areas that had been exposed with polarization vectors parallel to the red arrows reflect
the low angle illumination through the microscope. The other areas remain dark. This
confirmed that the expected state of polarization had been applied in each region of the
processed area.

By optimizing all timing delays in software and hardware, dynamic polarization
modulation was achieved by switching the 4 polarization states sequentially in real-time thus
generating a new array on the surface where every spot in turn imprinted a different LIPSS
nano-structure, Fig. 6. The time taken to micro-machine the 144 spots was ~11.5s hence the
average time period between each spot was 11.5/144 = 0.08s and the polarization switching
bandwidth was v = 12.5Hz. This experiment confirmed that dynamic control of spatially
structured polarization fields has been completely achieved. The high degree of symmetry
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throughout the pattern supports robust, effective polarization switching at this frequency of
12.5Hz.

Fig. 6. Optical micrograph showing a laser spot array, imaged with side-illumination at grazing
incidence (red arrows). Thanks to the diffractive properties of LIPSS, only the areas that had
been exposed with polarization vectors parallel to the red arrows reflect the low angle
illumination through the microscope. The array had been processed by sequentially marking
sets of four laser spots, each with a distinct state of polarization. The bottom-left inlay shows
one such set of laser spots.

3.3 Continuous linear scanning with dynamic polarization control

Finally, we show that complex two dimensional patterns of LIPSS can be produced using
linear scanning with dynamic control of polarization. The setup was configured to scan along
a raster pattern, where polarization was sequentially changed during scanning. As before, the
state of polarization was synchronized with the beam scanning motion so as to produce the
desired pattern of LIPSS in each region of the scanned geometry. The processing parameters
are described in Section 2.3 above. Figure 7 shows optical micrographs of the produced
figures and confirms once more that synchronization is complete. The microscopic analysis
confirmed that the expected, complex LIPSS patterns had been produced in each region with
polarizations switched synchronously again at v=12.5Hz.
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Fig. 7. (Centre) Optical micrograph showing the processed area, imaged with side-illumination
at grazing incidence (red arrows). Four states of polarization, linear horizontal and vertical,
radial and azimuthal were sequentially produced to process each region within the scanning
path. The magnified inlays (top and bottom) show SEM images of the complex patterns of
LIPSS imprinted in each region.

5. Conclusions

Real-time modulation of spatially structured polarization fields has been demonstrated, using
two phase-only SLMs combined with two waveplates and addressed dynamically to produce
four distinct polarization states, sequentially swapped at a frequency of up to v = 12.5 Hz.
Radial and azimuthal as well as orthogonal linear polarization states were generated with high
fidelity, all with a ring intensity distribution.

By synchronizing the SLMs with a Galvo micro-positioning system, complex, real-time
surface nanostructuring was demonstrated on a polished metal sample. Chess board type spot
arrays (12 x 12) were micro-machined in a time t = 11.5 seconds, confirming polarization
switching at up to a frequency v = 12.5Hz as well as linear scanning with real-time
synchronized polarization modulation. Arrays of desired polarization states and associated
vector fields were confirmed unambiguously by observing LIPSS which are generated
orthogonal to the local electric field vector components and further elucidated by the
directional light diffraction from the LIPSS.

Dynamic, real-time technique for fast polarization modulation with SLM’s is
demonstrated here for the first time and has great potential for industrial applications in both
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surface and volume micro and nano-structuring. Potential applications may, for example
include complex security marking and the creation of photonic components (using high and
low NA) via femtosecond inscription, including data storage. In terms of research potential,
polarization dependent spectroscopies might well benefit from fast differential polarization
measurements at these bandwidths. Efforts to increase the effective polarization switching
bandwidth are now in progress.
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