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Abstract The use of a fast-response, transmissive, ferro-
electric liquid-crystal device for real-time control of the
polarisation direction of a femtosecond laser beam, and
the benefits for various aspects of ultra-short pulse micro-
machining, are discussed. Several configurations have been
used to drive the polarisation in real-time. Our microscopic
investigations of the resulting features revealed significant
improvements in process efficiency and quality, compared
to static linear and circular polarisations. Following our suc-
cessful micro-machining tests, real-time polarisation control
could emerge as a powerful tool in laser engineering.

1 Introduction

The past decade has seen significant developments in ultra-
short pulse laser micro-processing. Thanks to the ultra-short
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, processes based
on femtosecond and picosecond laser pulse durations have
become increasingly widespread. Industrial applications in-
clude the very precise drilling of holes for fuel-injection
nozzles [3], the processing of silicon wafers [4], or the pre-
cise machining of medical stent devices [5, 6].
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The key parameters influencing the laser process qual-
ity and efficiency are the fluence, pulse duration, wave-
length, beam quality and polarisation [7-9]. The influence
of polarisation on micro-machining has been experimentally
demonstrated in [9—-12], showing that drilling high-aspect-
ratio (depth/diameter) microscopic holes in metal with linear
polarised ultra-short-pulse lasers produces anisotropic pro-
files. This is due to the higher reflectivity of the s-polarised
radiation, relative to the p-polarised radiation [10]. As the
hole develops through the material, the p-polarised radia-
tion is more readily absorbed in the sidewalls, whereas the
s-polarised radiation tends to be reflected down to the base
of the hole. This results in a distorted intensity profile, af-
fecting the shape of the hole when the beam reaches the exit
side. The simplest way to reduce these distortions is to use
a circular polarised beam, which removes the differential
in reflectivity during drilling. In some cases, however, the
remaining distortions associated with circular polarisation
are problematic. In particular, ripple formation on the sur-
face of the side wall cannot be avoided [9]. Another aspect
of importance for micro-machining is the laser process effi-
ciency. The influence of polarisation on this has been stud-
ied in [13, 14]. When drilling or cutting high-aspect-ratio
microscopic features, neither circular nor static linear polar-
isation offers the optimum process efficiency.

To overcome these limitations, another technique re-
ferred to as polarisation trepanning was developed [10]. It
consists of rotating linear polarisation during drilling, fur-
ther improving the hole quality [10, 12, 15]. The trepan-
ning optic developed in [11] produced holes of remarkable
quality using this technique. However, these methods in-
volve mechanical rotation of optical components and could
be adversely affected by vibrations and prone to mechan-
ical failure, leading to potentially expensive maintenance.
An alternative laser-specific polarisation switching method
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is detailed in [8]. It is based on an intra-cavity polarisa-
tion chopper wheel synchronised to the laser pulse train.
However, as this method requires the laser cavity to be re-
designed, it cannot be easily applied to existing laser sys-
tems.

In this paper, we propose a flexible method for rapidly
switching the linear polarisation of a laser beam between
two orthogonal directions during micro-processing, using a
fast-response liquid-crystal polarisation rotator. This novel
method aims to provide an alternative to those mentioned in
the previous paragraph, resolving the issues related to lin-
ear polarisation (poor process quality), circular polarisation
(ripple formation and poor process efficiency) and polari-
sation trepanning with its reliance on mechanical rotation
stages. As a proof of principle, helical drilling and cutting
tests were performed on stainless steel sheets using vari-
ous polarisation configurations. Experimental results using
a femtosecond laser show a consistent improvement in the
micro-processing quality compared to that produced by lin-
ear polarisation configurations.

2 Experimental setup

A schematic of the experimental setup is shown in Fig. 1.
The output from a femtosecond Ilaser (Clark-MXR
CPA2010, with a minimum pulse width of 160 fs, 775 nm
central wavelength, spectral bandwidth of 5 nm, 1 mJ max-
imum pulse energy, 1 kHz repetition rate and horizontal lin-
ear polarisation) is attenuated by a half-wave-plate and a
Glan laser polariser. The resulting linear polarised beam is
incident on a transmissive, ferroelectric liquid-crystal po-
larisation rotator developed by Boulder Nonlinear Systems,

Inc. (MS Series). The liquid-crystal polarisation rotator of-
fers a switching frequency of up to 20 kHz between two
orthogonal output states, with a response time of typically
less than 100 ps. Varying the electric field applied to the
device results in a non-linear rotation of the output polar-
isation. The liquid-crystal device can be operated in a bi-
nary mode, where the polarisation is periodically flipped
between orthogonal directions, or operated in a quasi-linear
mode. The polarisation rotator is driven by a programmable,
DC-balanced, periodic voltage signal from a function gen-
erator (Tektronix AFG3021B). After reflection on Mirrors 3
and 4 (see Fig. 1), the beam enters the 10 mm aperture of
a scanning galvo system (GSI Lumonics) with a flat field
lens (f = 100 mm), driven by a programmable PC inter-
face board (Scanlab). Samples are mounted on a precision
4-axis (x,y, z,6) motion control system (Aerotech Npaq)
allowing accurate positioning of the sample at the laser fo-
cus.

3 Initial processing results and discussion
3.1 Testing of response time

The response time of the liquid-crystal device was tested
by placing a Glan laser polariser behind it. Thus, a rota-
tion in polarisation direction was translated into a modu-
lation of the amplitude transmitted through the polariser.
The resulting beam amplitude was measured with a photo-
diode (see dashed components in Fig. 1). In order to obtain
a clearer signal from the photodiode, the polarisation rotator
driving signal was synchronised with the 1 kHz femtosec-
ond laser pulse train. This was achieved by triggering the
function generator with a synchronised TTL signal from the
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Fig. 1 Micro-machining experimental setup showing how the liquid-crystal polarisation rotator was used. For the processing tests, the dashed
components were removed. This setup is a modified version of the one used in [16]
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Fig. 2 Oscilloscope traces showing the amplitude of the femtosecond
pulse train (output signal from the photodiode in red on top) modulated
by a polarisation rotator with a Glan laser polariser behind it (driving
signal in blue at the bottom)

femtosecond laser’s Pockels cell driver (DT-505). A DC-
balanced, 4 V peak-to-peak square-wave signal was pro-
grammed on the function generator, triggered by this syn-
chronised signal. Oscilloscope traces from the photodiode
and the driving signal of the liquid-crystal device are shown
in Fig. 2. When the driving voltage is positive (42 V), the re-
sulting polarisation is parallel to the transmission axis of the
Glan laser polariser. The transmitted laser pulse train mea-
sured by the photodiode shows a residual amplitude shift
due to the inertia of the liquid-crystal device. When the
driving voltage is negative (—2 V), the laser pulse train is
blocked by the polariser. The response time of the polarisa-
tion rotator was found to be less than 0.5 ms (manufacturing
specification: 0.1 ms). In the Clark laser system, the period
between each femtosecond pulse is ~1 ms (1 kHz repeti-
tion rate). The response time of the liquid-crystal device is
therefore sufficient to provide accurate control over the po-
larisation direction of each individual pulse. When a polar-
ising filter is placed behind the liquid-crystal rotator, this
pulse-train-synchronised mode enables dynamic pulse-to-
pulse amplitude control, with potential applications in sur-
face machining of periodic structures.

3.2 Polarisation diagnostic

Periodic surface structures produced by laser irradiation of
solid material close to the ablation threshold have been
widely observed since the early 1970s. They are referred to
as Laser Induced Periodic Surface Structures (LIPSS). De-
tails of their properties can be found in [17-20]. When a

steel work piece is exposed to a laser beam with an intensity
close to its ablation threshold, periodic surface ripples de-
velop in a direction perpendicular to the linear polarisation.
Thanks to their diffractive properties, these ripples provide a
marker for the direction of polarisation of the incoming laser
beam.

The aim of the polarisation diagnostic tests was to
demonstrate that polarisation trepanning was achievable
with the liquid-crystal device. Polarisation trepanning re-
quires synchronising the polarisation rotation with the beam
scanning motion so that the direction of polarisation is con-
stantly perpendicular to the direction of scanning [9]. This
is normally achieved by placing a wave-plate in the op-
tical path and mechanically rotating it with the beam. In
order to obtain a similar effect, the driving signal from
the function generator was synchronised with the galvo
scanning head (see Fig. 1). A test procedure was devel-
oped to visualise the direction of polarisation along the
scanned beam paths by making use of LIPSS. We used
the base setup shown in Fig. 1 (without the dashed com-
ponents).

Due to its design characteristics, the response time of
the liquid-crystal device is shorter when the polarisation
is flipped between two perpendicular directions and longer
when it is gradually rotated. The former case applies a DC-
balanced square-wave driving signal, the latter applies a si-
nusoidal one. In the following test, a square-wave signal was
used to obtain the best polarisation switching speeds. Syn-
chronisation routines were programmed into the PC inter-
face board driving the galvo head to maintain the desired
polarisation state while scanning along pre-defined geome-
tries on a steel sample surface (Fig. 3a). The scanning pro-
grammes were run with the laser pulse energy attenuated to
2 uJ and the sample was exposed to the laser beam for a few
seconds. As a result, LIPSS were produced and later imaged
with an optical microscope (Fig. 3b).

The microscopic investigation of the resulting figures
used low-angle illumination to distinguish between the two
directions of laser polarisation that produced the LIPSS.
Two illumination sources were used, located on each side
of the sample, with the axis of illumination set parallel to
one of the polarisation directions and perpendicular to the
other. Due to the diffractive properties of the LIPSS, only
the direction of polarisation parallel to the direction of illu-
mination reflected the low-angle light (see Fig. 3c), the other
remained dark. Therefore, each microscope image shows the
part of the scanned geometry that reflected the illumination.
Rotating the axis of illumination by 90° reveals the remain-
der of the scanned geometry (Fig. 3d). These tests demon-
strated that the desired direction of polarisation had been
successfully applied to each region, giving confidence that
a good approximation of polarisation trepanning is achiev-
able using a liquid-crystal polarisation rotator.
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4 Helical drilling test results and discussion
In helical drilling, the laser beam moves in a periodic fashion

following a pre-defined geometry. As material is removed
by each pulse, the beam works its way through the sam-

— Direction of scanning

<«—> Direction of polarisation
|:> Direction of illumination

C

Fig. 3 (a) Programmed laser beam path showing the expected state
of polarisation for each region. (b) LIPSS formation on the surface of
the work piece. The direction of polarisation is indicated by the white
arrows. (¢) Optical micrograph of the scanned beam path after laser
exposure, under low-angle illumination. (d) The same region after the
illumination was rotated by 90°, revealing the remainder of the scanned
geometry

ple (in the case of a circular beam motion, the beam front
follows a helical path). The parameters influencing the ge-
ometry of the machined hole include the dimensions of the
programmed beam path, the laser spot size and the polarisa-
tion [9]. To check the benefits of using a liquid-crystal po-
larisation rotation device in helical drilling, tests were per-
formed on 380 um-thick stainless steel samples in air, using
circular and square beam paths.

4.1 Circular beam path

Circular beam paths with diameters of 65 um were pro-
grammed into the PC interface board driving the scanning
galvo. A laser pulse energy of 75 WJ was used, correspond-
ing to a peak fluence of ~24 J/cm?, much higher than the
ablation threshold which is around 0.16 J/cm? for stainless
steel [21]. The spot size (calculated) is 30 um. The chosen
drilling time per hole was 150 s. The test strategy consisted
of using the various polarisation modes available with the
liquid-crystal polarisation rotator, varying the operating pa-
rameters to improve circularity and reduce the taper of the
micro-holes. Linear and circular polarised beams were used
to provide comparative data for subsequent tests. The ex-
perimental configuration of the setup for each test is sum-
marised in Table 1.

All these tests produced tapered holes with an entrance
opening diameter of typically 110 & 10 um. The entrances
of the holes showed no dependence on polarisation, but were
slightly elliptical in shape due to the slight astigmatism of
the incident laser beam profile (Fig. 4). On the exit side, the
shape and taper of the holes varied with polarisation, with

Table 1 Description and results of helical drilling tests on a 380 wm-thick stainless steel plate, including a comparison of the exit holes surface
area and ellipticity (775 nm, 160 fs pulses, 1 kHz repetition rate, pulse energy: 75 nJ)

Linear polarisation Circular polarisation

Scanner-
synchronised
polarisation
switching

Unsynchronised
polarisation
switching

Polarisation-modulated
geometry

Configuration of ~ Polarisation rotator Polarisation rotator

the setup removed. The linear removed.
polarised laser beam A quarter-wave plate
is used to drill the is used to produce
sample. circular polarisation.
Optical = i

micrographs of

the holes exit . % 54
aperture (arrows 4 ot
indicate the > bCy
direction of & B

L

polarisation) .= o

S0pm*
Ellipticity 354 5% 104 5%
Surface area 3000 % 300 um? 3400 = 300 um?

Polarisation rotator
driven with a 10 Hz
square wave
synchronised with
the galvo scanner.

S0pm

15+5%
3700 % 300 um?

Polarisation rotator
driven with an
unsynchronised

10 Hz square wave.

16 £5%
3400 + 300 pm?

Polarisation rotator
driven with a 10 Hz sine
wave synchronised with
the galvo scanner.

N/A
3300 4 300 um?
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Fig. 4 Optical micrograph of the hole entrance. The shape of the hole
does not depend on polarisation

a typical half-angle sidewall taper ranging between 4° and
5° and a diameter of typically 65 + 10 um. A summary of
the test results as well as optical micrographs of the exit
holes for the various polarisation modes are given in Ta-
ble 1.

4.1.1 Linear and circular polarisations

Drilling with a linearly polarised laser beam produces ellip-
tical exit holes, elongated in the direction of the polarisation
vector (see Table 1). As the laser beam reflects against the
internal sidewalls during drilling, the light is p-polarised in
the regions where the sidewalls are perpendicular to the po-
larisation vector (i.e. where the plane of incidence is paral-
lel to the polarisation vector) and s-polarised in the regions
where the sidewalls are parallel to it (i.e. where the plane of
incidence is perpendicular to the polarisation vector). The
laser energy is more readily absorbed in the regions with
p-polarisation, producing more ablation which results in an
elliptical profile with a long axis parallel to the polarisation
vector. s-polarisation tends to be reflected down to the base
of the hole. As the sidewalls are not optically flat, these in-
ternal reflections sometimes produce distortions around the
exit hole, perpendicular to the polarisation vector as can be
seen on the hole drilled with a linearly polarised beam in
Table 1. As expected, circular polarisation produced a clear,
circular hole exit due to the isotropic coupling of the beam
energy to the material in this case.

4.1.2 Scanner-synchronised polarisation switching

In polarisation trepanning, the direction of linear polarisa-
tion rotates synchronously with the beam around the hole
so that it is always oriented in the same way with regard to
the wall [9]. To obtain a similar effect, our galvo scanner
was synchronised with the liquid-crystal polarisation rota-
tor, driven with a 4 V peak-to-peak square-wave. This test
produced an approximation of polarisation trepanning by
maintaining the direction of polarisation as close as possible
to a p-polarisation during helical drilling (see Fig. 5). The

—» Direction of scanning

<+— Direction of polarisation

Fig. 5 Laser scanning path with corresponding direction of polarisa-
tion used in polarisation trepanning

experimental results obtained are described in Table 1. It can
be seen that the exit apertures of the holes drilled using this
method have an increased surface area (~10%) compared to
circular polarisation, demonstrating an improved coupling
of the laser energy to the stainless steel and an increase in
the machining efficiency. However, the quality is limited by
only having two directions of polarisation; it is more promis-
ing for drilling geometrical shapes with straight edges, such
as those shown in Table 2.

4.1.3 Un-synchronised polarisation switching

In these tests, the square-wave signal driving the polarisation
rotator was not synchronised with the beam motion. During
helical drilling, the laser beam rotates about the central axis
of the hole. When the polarisation rotator is not synchro-
nised with the scanner system, a given location in the circu-
lar beam path will see the polarisation direction vary over
time. The resulting reflectivity of the laser beam at this loca-
tion will vary accordingly. This is known to lead to an aver-
aging effect which tends to reduce the distortions in the exit
hole [10]. As expected, our un-synchronised helical drilling
tests showed reduced distortions compared to the other po-
larisation modes (see Table 1). It is noted that the slight in-
crease in ellipticity is due to the rotation span of the liquid-
crystal device, which is limited to 90°.

4.1.4 Polarisation modulated geometry

In the drilling tests described above, real-time polarisation
control was used to improve the circularity of the exit holes.
However, some applications require drilling non-circular
holes [9]. Consequently, we investigated whether polari-
sation control could be used for drilling pre-defined non-
circular holes, using the same circular beam path as in the
previous tests. Instead of using a square-wave signal as be-
fore, we used a sinusoidal one to drive the polarisation rota-
tor. This results in a gradual rotation of polarisation between
orthogonal directions, instead binary switching as is the case
when a square-wave signal is used. The same synchronisa-
tion setup as in polarisation trepanning was used and the
other laser drilling parameters were similar. These tests pro-
duced a repeatable exit hole geometry. This geometry (see
Table 1) did not result from the (circular) beam scanning
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Table 2 Description and results of square-shaped helical drilling tests on a 380 pwm-thick stainless steel plate (775 nm, 160 fs pulses, 1 kHz

repetition rate, pulse energy: 75 1J)

Linear polarisation

Circular polarisation

p-polarisation s-polarisation

Configuration of Polarisation rotator

Polarisation rotator

Polarisation rotator Polarisation rotator

the setup removed. The linear removed. driven with an 8 Hz driven with an 8 Hz
polarised laser beam A quarter-wave plate square wave square wave
is used to drill the is inserted into the synchronised with synchronised with the
sample. beam path to the galvo scanner, galvo scanner, using the
produce circular using the s-polarisation mode.
polarisation. p-polarisation
mode.
. - ¥ - -
Optical B & o ,/ 4 A
micrographs of S F ; e g’

the holes exit
aperture (arrows

indicate the /

direction of "
— P 4
iy L

polarisation)

path but from the modulation of polarisation. This technique
could provide more flexibility in micro-drilling non-circular
holes.

4.2 Square beam path

The limitation on the available rotation span (90° with this
device) means that the quality of straight orthogonal edged
geometries is likely to be most improved. To confirm this
prediction, we drilled and analysed square holes. The liquid-
crystal device was configured in scanner-synchronised po-
larisation switching mode (using a 10 V peak-to-peak
square-wave driving signal) so that polarisation trepan-
ning could be achieved. Both p- and s-polarisations were
tested i.e. the polarisation direction during drilling was al-
ways maintained at p- or s-, respectively. Prior to drilling, a
synchronisation program was developed and tested by pro-
ducing LIPSS on a sample, using the polarisation diagnostic
procedure described earlier.

The programmed square beam paths had a side length of
130 um. For the drilling tests, a laser pulse energy of 75 uJ
was used (F ~ 24 J/cm?). This produced square holes with
an entrance side length of ~200 um and an exit side length
of ~120 pum, corresponding to a ~6° half-angle sidewall
taper. The entrance of the square holes showed no depen-
dence on polarisation (Fig. 6). The distortions in the cor-
ners at the entrance were due to the limited resolution of
the scanning galvo. The exit holes obtained are shown in
Table 2. It is noted that s-polarisation produces the worst
machining quality, with distorted exit holes. This is due to
the relatively poor coupling of the laser beam energy to the
sidewalls. A larger share of the beam energy is reflected
away through the exit aperture of the hole compared with
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Fig. 6 Optical micrograph of the hole entrance. The shape of the hole
does not depend on polarisation

p-polarisation, where the coupling to the sidewalls is better.
As the p-polarisation achieved similar drilling quality as cir-
cular polarisation, these results suggest that our polarisation
trepanning technique could be a viable alternative to static
linear or circular polarisation.

5 Cutting test results and discussion

In the helical drilling tests described above, the chosen di-
mension for the holes was such that the resulting figure di-
mensions were not significantly larger than the laser spot
size (~120 wm and ~30 um, respectively in Sect. 4.2). The
relatively small hole dimension to spot size ratio (~4 here)
means that all the material within the scanned figure is ab-
lated. As a result, there is a continuous ablation front across
the hole and this ablation front is wider than the laser spot
itself. As material is removed by each laser pulse, the abla-
tion front penetrates deeper inside the thickness of the ma-
terial while maintaining an entrance opening that is wider
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Table 3 Description and results of cross-shaped cutting tests on a 380 um-thick stainless steel plate (775 nm, 160 fs pulses, 1 kHz repetition rate,

pulse energy: 75 uJ)

Linear polarisation

p-polarisation s-polarisation

Polarisation The polarisation direction
configuration during (yellow arrow) is p- for the
machining horizontal branch and s- for

the vertical one.

Optical micrographs of
the holes exit aperture
(arrows indicate the
direction of polarisation)

The polarisation direction
was maintained at p- (see
yellow arrows).

The polarisation direction was
maintained at s- (see yellow
arrows).

than the spot size. This is essential in maintaining a high
processing efficiency while drilling high-aspect-ratio holes,
as it enables effective channelling of laser energy inside
the hole by avoiding excessive reflections on the walls. It
also facilitates ejection of the ablated material outside of the
hole.

In the case of micro-cutting, where the scanned figure
is much larger than the laser spot size, only the material
along the beam path is ablated. This means that high-aspect-
ratio grooves are produced (see Table 3). As the ablation
front is of a similar size to the laser spot, micro-cutting can
suffer from poor process efficiency: multiple reflections on
the groove walls lead to poor channelling of laser energy
to the bottom of the groove. As the laser beam’s polarisa-
tion can have a strong effect on these internal reflections, we
investigated whether polarisation control is beneficial in im-
proving laser micro-cutting efficiency and quality. The tests
described below were performed on 380 wm-thick stainless
steel samples.

5.1 Cross-shaped beam path

A cross-shaped geometry was used, which is equivalent to
cutting two orthogonal linear slots. As in the square drilling
tests described earlier, the liquid-crystal device was config-
ured in scanner-synchronised polarisation switching mode,
using a 10 V peak-to-peak square-wave driving signal to
achieve polarisation trepanning. As before, both p- and s-
polarisation modes were used as well as a static linear po-
larisation for comparison purposes. A synchronisation pro-
gram was developed and tested at low pulse energies (2 pJ)
to produce LIPSS on the sample (see Fig. 3).

The micro-cutting tests used pulse energies of 75 pJ
(F ~ 24 J/cm?). The length of each slot was 450 um.

The exit side of the resulting incisions can be seen in Ta-
ble 3. Static linear polarisation produced varying degrees
of anisotropic machining features. Visual inspection showed
the regions of the beam path with p-polarised internal re-
flections were of much better quality (i.e. less distorted and
with straighter edges) than the s-polarised regions. Our syn-
chronisation program, which ensured that p-polarisation is
used on both arms of the cross, improved both the straight-
ness and the accuracy of the machined slots by minimising
internal reflections and maintaining an optimum coupling of
the laser beam energy to the sidewalls. It is noted that the
bulge-shaped distortions at the end of each arm (see optical
micrographs in Table 3) were not caused by polarisation, but
rather resulted from the beam path geometry and the decel-
eration at the ends due to the inertia of the galvo mirrors (see
Fig. 3 for beam path).

5.2 Square beam path

To further investigate the gains in cutting efficiency and
quality, square holes were produced by cutting micro-
grooves through the stainless steel plates and removing the
remaining square cut-out in the centre after laser exposure.
As in the previous tests, the laser pulse energy was set at
75 wJ (F ~ 24 J/cm?). The side length of the scanned figures
was 650 um. The same polarisation trepanning technique
was used as before. Both p- and s-polarisation modes were
tested as well as circular polarisation for comparison pur-
poses. The chosen processing time per hole was 500 s. After
laser processing, the samples were placed in an ultrasonic
bath for three minutes, so that the pressure waves would
remove the central squares if the cutting process had been
successful. The exit side of the resulting holes are shown in
Table 4.
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Table 4 Description and results of square-shaped cutting tests on a 380 wm-thick stainless steel plate (775 nm, 160 fs pulses, 1 kHz repetition

rate, pulse energy: 75 1J)

Circular polarisation

p-polarisation

s-polarisation

Polarisation
configuration
during
machining
Optical
micrographs of
the holes exit
aperture

Description of
the results

A quarter-wave plate is
inserted into the beam
path to produce circular
polarisation.

300um

L

g8 i 73

The central cut-out was
successfully removed
after a 500 s laser
exposure. Significant
distortions are present
on the exit side of the
cut-out.

The polarisation
direction was maintained
at p-.

The polarisation
direction was maintained

at s-.

The central cut-out was
successfully removed
after a 500 s laser
exposure. Minor
distortions are present
on the exit side of the
cut-out.

The central cut-out
could not be removed
after a 500 s laser
exposure. Significant
distortions are visible
along the exit channels.

The cutting process was successful with both circular and
p-polarisation, where the central cut-outs were removed by
the ultrasonic waves. The optical micrographs in Table 4
show the exit holes after the central square cut-outs have
been removed. s-polarisation failed to cut out the central
square, demonstrating a poorer process efficiency in that
case. The optical micrographs in Table 4 show the exit
grooves produced with s-polarisation, with the central cut-
out still in place. When the test was repeated with a 10%
shorter processing time, only the p-polarisation success-
fully cut out the central square, suggesting this polarisa-
tion mode provides a further improvement in cutting effi-
ciency compared with circular polarisation under these ex-
perimental conditions. Of these two configurations, micro-
scopic investigation revealed that the surface quality of the
sidewalls was better with p-polarisation (Fig. 7), whereas
circular polarisation produced ripples and distortions on the
sidewalls of the hole (Fig. 8). Figures 7b and 8b show the
amplitude of these ripples on selected regions of the side-
walls for p- and circular polarisation, respectively, measured
with an optical surface profiling system (WYKO NT1100).
The average peak-to-peak amplitude between the valleys
(in dark blue) and the peaks (in light red) was found to
be 2.5+ 1 um for p- and 5 & 1 um for circular polarisa-
tion.

@ Springer

The better process efficiency and quality obtained with
p-polarisation can be explained by the increased coupling
of the laser beam energy to the sidewalls during the ma-
chining of the micro-channels, compared with circular or
s-polarisation. For a typical high aspect-ratio channel geom-
etry, the angle of incidence on the walls is around 80°. The
corresponding value for the reflectivity of steel is around
47% for p-polarisation and 94% for s-polarisation [10].
Therefore, the intensity of the light reflected from the walls
is approximately twice as much with s-polarisation com-
pared with p-polarisation. This results in a higher loss of
energy through the exit of the channels machined with s-
polarisation. The extra reflections on the non-optically flat
walls inside the channels also induce a non uniform en-
ergy distribution resulting in distorted exit channels pro-
duced with s-polarisation. In the case of circular polari-
sation, the p- and s-polarisations are averaged over time.
This produces an average value for reflectivity which re-
sults in an intermediate quality and efficiency for micro-
machining.

6 Conclusions

A method for dynamically switching the polarisation direc-
tion of a femtosecond laser beam with a fast-response, trans-
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Fig. 7 (a) Optical micrograph of a square cut-out with p-polarisation
after removal by ultrasonic waves (see Table 4). The sidewall of the
cut-out is shown here, with magnified area (yellow square). (b) Mag-
nified area observed with an optical surface profiling system, showing

300pm

Fig. 8 (a) Optical micrograph of a square cut-out with circular po-
larisation after removal by ultrasonic waves (see Table 4). The side-
wall of the cut-out is shown here, with magnified area (yellow square).
(b) Magnified area observed with an optical surface profiling system,

missive, ferroelectric liquid-crystal device has been pre-
sented. Helical drilling and cutting of high-aspect-ratio mi-
croscopic structures in a steel plate was tested, using various
polarisation driving modes and testing different drilling ge-

vertical periodic ripples on the sidewall. The dark blue regions are the
valleys and the light orange regions are the peaks. The colour-coded
scale shows the distance from an average mid-plane, in um

100 150 200 250 290

showing vertical periodic ripples on the sidewall. The dark blue re-
gions are the valleys and the light orange regions are the peaks. The
colour-coded scale shows the distance from an average mid-plane,
in um

ometries. Microscopic investigation of the resulting features
revealed that polarisation trepanning with a liquid-crystal
device offers better levels of machining quality than circular
or static linear polarisations.

@ Springer



454

0J. Allegre et al.

To our knowledge, this is the first time polarisation
trepanning has been achieved using a solid-state device for
micro-processing, providing polarisation rotation without
any undesirable mechanical motion, associated vibrational
problems and maintenance downtime.

Due to its design characteristics, the liquid-crystal device
used in this research had an angular rotation range limited
to 90° and required a DC-balanced, 50% duty-cycle peri-
odic driving voltage. As a result, the tests were restricted
to machining axi-symmetric features. Future work will aim
to assess, amongst the wide range of liquid-crystal technolo-
gies available, the most suitable ones for various drilling and
machining configurations.

Although the machining quality often associated with
high-precision trepanning optics has not been achieved, the
fast-response liquid-crystal polarisation rotator presented
here could emerge as a powerful alternative. As an off-the-
shelf item, it can easily provide improved machining quality
for existing laser systems.
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