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Pulse-to-pulse polarization-switching method for
high-repetition-rate lasers

Steffen Hahne, Benjamin F. Johnston, and Michael J. Withford

We report a method that enables dynamic switching of the pulse-to-pulse linear polarization orientation
of a high-pulse-rate laser. The implications for laser micromachining, where polarization direction can be
important, are also discussed. © 2007 Optical Society of America

OCIS codes: 120.4820, 140.3390.

1. Introduction

Laser drilling and cutting of metals, polymers, glasses,
and crystalline materials are increasingly employed in
industry to fabricate miniature components and de-
vices. Advances in this field can be attributed to the
ready availability of robust, high-average-power, high-
beam-quality laser sources and an improved under-
standing of the interaction of intense light with matter.
Key parameters influencing the quality of a laser-
machined feature include the laser wavelength, pulse
repetition frequency, pulse duration, peak power, and
polarization.

There have been numerous studies and reports of
the influence of incident polarization direction and
type on laser micromachining. In a theoretical study,
Niziev and Nesterov1 reported that the ablation effi-
ciency is relatively low when cutting metals with
p-polarized CO2 laser radiation. In an experimental
study, Nolte et al.2 demonstrated that linear-
polarized radiation, from an ultrafast laser, pro-
duces anisotropic hole profiles when drilling metal.
Polarization-dependent irregularities in the kerf qual-
ity of femtosecond-laser-machined silicon scribes have
also been reported.3 Similar effects are also observed
when machining silicon with a nanosecond laser as

shown in Fig. 1. This manifestation is attributed to a
higher reflection coefficient for the s-polarization direc-
tion, relative to p-polarized radiation, off the internal
surfaces of deep-laser-machined structures. As a re-
sult, p-polarized radiation is more readily absorbed at
the sidewalls,4 whereas s-polarized radiation is more
efficiently coupled to the ablation interface at the bot-
tom of a laser-machined structure.2 Many static meth-
ods for reducing the anisotropies associated with these
reflections have been reported. The simplest technique
is to reduce the disproportionate contributions due to
p- and s-polarized radiation by converting the laser
beam to a circular5–7 or an elliptical polarization.8 Dy-
namic methods such as continually rotating the polar-
ization orientation using spinning waveplates, termed
polarization trepanning, have also been shown to sig-
nificantly improve the symmetry of laser-drilled fea-
tures.2 However, the above methods serve to scramble
the interactions of the p- and s-polarized radiation
with the sidewalls of a laser-processed structure. Ide-
ally, the polarization should be maintained at a per-
pendicular direction to the sidewalls at all times in
order to maximize process resolution.9 This can be
achieved by either using radially (azimuthal) polarized
laser radiation1,4,10 or, in the case of complex machin-
ing comprising linear features and 90° bends, rapidly
rotating a waveplate to switch between the two orthog-
onal linear polarizations. However, in the latter case,
the time required to reorient a waveplate necessitates
the temporary interruption of the output pulse train of
a high-pulse-rate laser to accommodate this transition.
Interruptions of this type can add significantly to the
processing time, particularly when machining complex
structures, and will modify the degree of cumulative
heating at the target face, which in turn subtly alters
the ablation characteristics at that point.11,12 Finally,
fast polarization switching can be achieved using
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Pockels cells and high-speed driver electronics; how-
ever, these systems can be expensive and are laser-
wavelength specific.

In this paper, we present a low-cost method that
enables rapid switching between p- and s-linear po-
larizations on a kHz time frame. At the core of this
method is a sophisticated electronic control technique
that has been used previously to dynamically control
the output pulse train of a free-running, high-pulse-
rate laser.13 In this paper we expand on that work to
show that this control technique can also be used for
polarization switching by synchronizing the passage
of discrete sets of p- and s-polarization elements (lo-
cated in an intracavity chopper wheel) both spatially
and temporally with the optic axis of the laser cavity
and the laser excitation phase, respectively. The im-
plementation of this electronic control in complex
schemes combining both polarization switching and
pulse on command in a single device, and the impli-
cations for advanced laser micromachining, are also
discussed.

2. Experiment

Figure 2 shows a complete schematic of the laser, the
intracavity chopper, beam diagnostics, and the elec-
tronic control used in these experiments. The laser
was a laboratory-built 20 W copper vapor laser (CVL)
with a 25 mm diameter, 1 m long active region. This
laser was used because its excitation circuit could be
easily accessed and controlled using an external trig-
gering source. Notwithstanding, the method could
also be readily applied to many solid state lasers. The
excitation circuit for the CVL consists of two stages of
magnetic pulse compression and is switched using a
hydrogen thyratron (Perkin Elmer HY3001). The la-
ser’s free-running, pulse repetition frequency (PRF)
was set at 6.8 kHz for all experiments. The lasers
resonator consisted of a folded positive branched un-
stable resonator with a 50 mm diameter rear high
reflector (radius of curvature, ROC � 2 m), an on-axis
elliptical (diameter 2 mm � 1 mm) spot scraper mir-
ror, and a feedback mirror �ROC � 50 mm�.

A custom-designed optical chopper wheel, laser
machined from a brass shim of thickness �100 �m,
was placed at the common intracavity foci of the res-
onator mirrors as shown in Fig. 3. The chopper wheel
had two concentric rings of slits at diameters of
90 mm and 80 mm, respectively. The outermost ring
consisted of an equidistant series of 100 slits (of width
250 �m and length 2.5 mm). This series of holes was
colocated with a LED and detector pair. The transi-
tion of these slits through the LED beam determined
the master clock for the electronic controller. The
inner ring consisted of two sets of equidistant slits of
10 total for each set, with a slight phase difference
between these sets. Thin ��200 �m� polymer polar-
izing film was glued over each of these inner slits,
with the polarization direction oriented parallel to
the radial axis of the chopper wheel for the first set of

Fig. 1. (Color online) Optical micrographs showing the exit sur-
face of 40 �m wide scribes machined in silicon using a nanosecond
pulsed 355 nm laser (Lightwave Electronics) with the direction of
polarization (a) parallel and (b) pernendicular to the long axis of
the scribe. The incident average power was 100 mW, and the pulse
rate was 500 Hz. The kerf quality for the parallel polarization case
is poor relative to the perpendicular polarization one.

Fig. 2. (Color online) Schematic showing the laser, position of the intracavity chopper, beam diagnostics, and electronic controller.
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slits (p polarization) and in the perpendicular direc-
tion (s polarization) for the second set. The chopper
wheel was driven using a Stanford Research Systems
SR540 chopper driver. For these experiments the
chopper wheel was driven at 68 revolutions per sec-
ond to generate the required master clock frequency
of 6.8 kHz.

Details of the electronic controller have been re-
ported previously.13 In brief, the master clock was
used to externally trigger both a delay generator and
a N-shot controller built in-house. The delay genera-
tor produced two replicas of the master clock. One of
these replicas was synchronized so that the transi-
tion of the p-polarized set of slits through the optical
axis of the cavity coincided with every 10th excitation
phase of the laser. The second replica was offset from
the first by a phase delay of 30 �s, equal to the phase
delay between the p- and s-polarized elements on the
chopper wheel when revolving at 68 revolutions per
second. The N-shot controller, used to ultimately trig-
ger the laser excitation circuit, could toggle between
the two replicas either continuously or for a desired
number of pulses to produce a N-shot pulse burst at
a particular polarization orientation.

The output beam was split into its two linear polar-
izations using a polarizing beam cube and analyzed
using a matched pair of fast photodiodes coupled to an
oscilloscope (Tektronix 3054B).

3. Results and Discussion

Figure 4 shows oscilloscope traces demonstrating po-
larization switching of the laser output pulse train. In
this case, the electronic controller was configured to
toggle the timing offset between the two polarizations
on a continuous basis. The top and bottom traces
show the p- and s-polarized outputs respectively, in
this case at individual PRFs of 340 Hz. The combined
PRF of 680 Hz reflects the 1:10 duty cycle of the inner
rings of p-and s-polarized slits relative to the outer
ring of slits that determines the master clock fre-
quency. However, it is important to note that the time
separating the closest p- and s-polarized pulses was

800 �s, a value that corresponds to a switching rate
exceeding 1 kHz.

Figures 5(a) and 5(b) show four overlayed temporal
pulse shapes produced by the laser operating in the p-
and s-polarized modes, respectively. In both cases,
the laser pulses exhibit good pulse-to-pulse stability.
The peak intensity of the p- and s-polarized laser
pulses were also similar. In addition, because the
optical chopper was used in an intracavity mode,
greater than 95% of the lasers total average output
power was forced into one or the other linear polar-
ization direction.

Fig. 3. (Color online) Schematic showing the design of the chop-
per wheel and its position in the laser cavity. The outer ring
controlled the master clock (associated LED and detector not
shown). The inner ring consisted of a first set of slits with polar-
ization elements orientated in the p direction and a second set with
polarization elements orientated in the s direction. Fig. 4. Oscilloscope traces showing the polarization of the laser

output beam being dynamically switched between p (top) and s
(bottom) orientations.

Fig. 5. Temporal laser pulse shapes for the (a) p-polarized and
(b) s-polarized states.
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Clearly the laser can be switched seamlessly be-
tween the p- and s-polarization directions by electron-
ically modifying the timing offset between the master
clock and the trigger signal to the laser’s excitation
circuit at the subharmonic pulse rate of 680 Hz. The
laser-pulse synchronization system can switch at pulse
rates at least equal to the free-running frequency of the
laser (i.e., 6.8 kHz).13 In the current work, the PRF of
the laser output pulse train was a function of the rel-
ative low duty cycle of the optical slits machined in-
to the chopper. However, this polarization-switching
concept would apply equally well to optical chopper
designs where a 1:1 duty cycle is employed, thus
permitting continuous polarization switching at kHz
pulse rates.

For completeness, the laser-pulse polarization con-
troller system was operated in a burst-mode fashion;
the results are shown in Fig. 6. In this case, the sys-
tem was configured to continuously produce four
p-polarized laser output pulses (topmost oscilloscope
trace) followed by four s-polarized laser output pulses
(bottommost oscilloscope trace). Note that the appar-
ent laser-pulse intensity fluctuations were due to the
inadequate sampling rate of the oscilloscope under
these conditions. Noise resulting from electronic pick-
up is also evident between the pulse bursts.

As previously stated, laser scribing of many optical
materials can be improved by maintaining the lasers
polarization, at all times, at an orthogonal direction
to the side walls.9 The method reported here would
enable this type of polarization switching to be made
on the fly in laser micromachining applications. Fur-
thermore, variations of this electronic control tech-
nique could be used to provide extra functionality. In
particular, additional phase offsets could be used to
synchronize the passage of other optical elements
through the laser cavity. For example, with the ex-
isting intracavity chopper wheel and a second addres-
sable phase offset, the system could be used in both a
polarization-switching and pulse-on-command mode13

by synchronizing the passage of either the s- or

p-polarized optical elements with the optical cavity,
or blocking laser feedback using the metal surface in
between. This combination of functions cannot easily
be reproduced using a Pockels cell configuration
because pulse on command requires the use of an
additional polarizer with axis oriented at 45° to the s-
and p-polarization directions, resulting in significant
loss of average output power. The control method
reported in this paper can also be used for a wide
range of laser wavelengths.

The copper vapor laser used in this study was well
suited to polarization switching using the intracavity
format presented herein. However, for lasers such as
Nd:YAGs and ultrafast Ti:sapphire, which are also
routinely used in micromachining applications, an
extracavity approach is preferred. An alternative ap-
proach to that demonstrated in this study would be to
use the same electronic control technique and couple
it to a spinning disk comprising either a single axial
waveplate or multiple waveplate elements located in
a similar chopper wheel configuration to that dis-
cussed herein.

4. Summary

We present a method for dynamically switching
the polarization direction of a free-running pulsed
laser using an intracavity optical chopper with
polarization-sensitive elements. The electronic sys-
tem enabled the passage of either a set of p-
polarized or s-polarized optical apertures to be
synchronized with the excitation phase of the laser,
thus forcing the output into one or other of these
orthogonal polarization directions. The polarization
direction could also be dynamically switched by con-
trolling the phase delay between the master clocks,
set by the rotating intracavity chopper wheel. The
implications for advanced laser micromachining ap-
plications were also discussed.

This work was produced with the assistance of the
Australian Research Council’s Centre of Excellence
and Discovery funding schemes. The authors also ac-
knowledge the assistance of David Baer for laser mi-
cromachining the chopper wheel and David Coutts
for his useful discussions.
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