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Abstract: For realising fast and highly dynamical laser-based
material processing, scanner systems are already utilised for
many different industrial applications. Furthermore, ultra-
short pulsed (<1 ps) laser sources provide possibilities of
processing most different materials with highest accuracy.
Owing to the large spectral bandwidth of ultra-short laser
pulses, dispersion in optical components becomes relevant.
The dispersion in optical systems for laser scanners may
lead to scan angle-depending pulse properties as, for exam-
ple, pulse front tilt. The investigation of these effects is not
state of the art today but absolutely necessary to exploit the
full potential of laser scanners for ultra-short pulse applica-
tions. By means of an exemplary focusing lens, the simu-
lation and experimental analysis of scan angle-depending
pulse front tilt is presented for the first time.

Keywords: dispersion; material processing; pulse front
tilt; scanner system; ultra-short pulse.

1 Introduction

Many applications of material processing with ultra-short
pulses react very sensitively on changes of the pulse prop-
erties. A tilted pulse front, for example, may lead to sig-
nificant changes of the light matter interaction especially
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when processing transparent dielectrics. Depending on
the feed direction, a pulse front tilt (PFT) may cause signif-
icant changes of the processing results [1]. Furthermore,
the focal pulse duration will be extended due to the PFT,
which results in a decrease in the maximum pulse inten-
sity [1-4]. A PFT is induced by dispersive optical elements
such as prisms, gratings, or lenses, which are passed
through non-axially, i.e. at a field angle [5].

For the processing of large areas, laser scanner
systems are an established tool allowing high process
speed and highly dynamical applications. The utilization
of a focusing lens as, for example, an f-0 lens behind the
deflection system is a proven method and already used in
many industrial manufacturing systems. The beam path
through the focusing lens changes depending on the scan
angle (Figure 1). The application of these scanner systems
for ultra-short laser pulses, therefore, may lead to scan
angle-depending pulse properties and, thus, position-
dependent processing results.

Even though the propagation time difference (PTD)
between pulse and phase front already has been investi-
gated in detail for single lenses and axially parallel inci-
dence oflight [6], the investigation of scan angle-depending
PFT is not state of the art today. To our knowledge, we
present for the first time experimental investigations of
this effect as well as a detailed comparison with simulation
results. Therefore, two different simulation methods are
taken into account, which are based on geometrical optics,
on the one hand, and wave optics, on the other hand. For
the experimental investigations, the scan angle-dependent
PFT is measured using a single-shot autocorrelator.

2 Simulation

2.1 Fundamentals

In dispersive materials with refractive index n(1), a PTD
appears as the propagation velocities of the phase front
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Figure 1: Principles of pulse deformations induced by a laser
scanner system [5].

and the pulse front are different. The PTD can be calcu-
lated using

Il ,dn
PTD—E(-AJJ )
where [ is the path length in the dispersive material and
¢ the speed of light in a vacuum [6]. For normal disper-
sion, the PTD is positive, and therefore, the pulse front is
delayed with respect to the phase front. A PTD, which is
asymmetric around the chief ray, is also called PFT. With
the normalised pupil coordinate p, we define the PFT as
the difference between the PTD for the marginal rays

PFT=PTD( p=-1)-PTD( p=1) ®)

Therefore, the PFT is invariant with respect to the
z-position in a focused beam. This is a useful property
regarding the investigation of ultra-short pulses in the
laser beam behind a focusing lens. Often, the PFT is con-
sidered as PTD difference per millimetre beam diameter
[2, 7]. In this case, the PFT would strongly depend on the
position of the detector plane in the focused beam. For
this reason, equation (2) is considered to specify the PFT.
Following a geometrical and a wave optical approach,
PTD and PFT are simulated behind the focusing lens. Both
approaches are explained in the following.

2.2 Geometrical optics

For a single ray, the PTD induced by one optical element
can be determined using equation (1). To calculate the
PTD for an optical system, which consists of multiple ele-
ments, the PTDs for all elements are summed. Therefore,
the path lengths [ for this ray in every optical element i are
calculated by ray tracing using Zemax (Figure 2).

The index of refraction n(1) is given by the Sellmeier
model for several materials in the glass catalogue of the
ray-tracing software. The derivative of n with respect to A
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Figure 2: Illustration of the ray-tracing approach to calculate
the PTD.

is calculated and inserted into equation (1). In this way,
the PTD can be determined for a bundle of rays and can
be simulated either as a cross section through the whole
beam or as a two-dimensional surface. For all calculations
presented in chapter 4, a set of 50 rays is homogeneously
distributed in the scan direction along the entrance pupil
to calculate a cross section of the PTD.

2.3 Wave optics

For the wave optical analysis, a bandwidth-limited pulse
with Gaussian temporal pulse shape is modelled as a
set of N, wavelengths. Using the software tool Virtu-
alLab Advanced (Version 5.11.0), the pulse is propagated
through the optical system. In the observation plane, for
each wavelength, the vectorial field components are cal-
culated. The approach for calculating the PTD and the PFT
is depicted in Figure 3.

Wave optical simulation: field data in observation plane (z=z;) ]
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Figure 3: Flow chart of the PTD calculation for the wave optical
approach [5].
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A cross section of the spectral phase ¢(x,y=0,4 ) at the
centre wavelength is extracted and unwrapped. A multi-
plication of p(x,A ) with 1 /(27¢) yields the time ¢ ¢(x) when
the phase front passes the observation plane. The spec-
tral amplitude A(x,y,A) is extracted along the same cross
section as the spectral phase. Utilizing an inverse Fourier
transformation, the squared field amplitude A*(x,t) in the
time domain can be calculated. For each x, a Gaussian-
shaped curve is fitted to the squared field amplitude
to identify the centre of the pulse ¢ (x). The pulse front
passes the observation plane at the time tp(x). Hence, the
PTD can be calculated as the difference between the times
t ¢(x) and tp(x) [5].

2.4 Design of an exemplary focusing lens

For an exemplary test case, a telecentric focusing lens is
designed for a wavelength of 800 nm. The lens system
enables diffraction-limited focusing for field angles up to
6° and a beam diameter of 5 mm (1/e?). The system’s focal
length is 68 mm, and the numerical aperture is 0.037. The
design is depicted in Figure 4. To facilitate a comparison
between the measured and the simulated PFT, the focus-
ing lens is designed with a relatively large scan angle-
dependent PFT. At a scan angle of 1°, the PFT is about
10 fs, which corresponds to 2 fs/mm directly behind the
focusing lens. Typical PFT values for ultra-short pulse
experiments are in the range of 1-2 fs/mm as well, meas-
ured in the collimated beam [2]. In particular, a chromatic
correction is renounced, and the system is optimized only
for the centre wavelength of the laser.

3 Experimental setup

For the experimental investigation of the scan angle-
dependent PFT, a rotatable mirror is mounted in the
entrance pupil of the focusing lens. By using a second
identical lens, the beam is collimated again and coupled
into a single-shot autocorrelator (TiPA, light conversion).
The collimating lens, as well as the autocorrelator, is
mounted on a movable stage (Figure 5).

25 mm

Figure 4: Design of the telecentric focusing lens for exemplary
investigations of a scan angle-dependent PFT.

L. Biising et al.: Scan angle-depending pulse front tilt in optical systems =—— 57

Collimating lens Wave front
sensor

Beam splitter

O ----- @< Autocorrelator

Movable stage

Focusing lens

& D_'_'_'J_ifh_"

Scanner mirror

Figure 5: Sketch of the measurement setup for investigating the
scan angle-dependent PFT by using a single-shot autocorrelator
and a wave front sensor.

For each scan angle, the position of the stage is
adjusted in a way that the beam passes centrically
through the collimating lens. In this way, the collimating
lens induces a rotational symmetric PTD and, hence, does
not contribute to the PFT. Furthermore, the beam direc-
tion behind the collimating lens is constant as the lens
systems are designed telecentrically. A precise positioning
of the stage is realised by integrating a wave front sensor
in the beam path behind the collimating lens.

As laser source, a Libra-F-1k230 from Coherent is
used, which provides pulses with a duration of 130 fs at a
wavelength of 800 nm. The corresponding spectral band-
width is about 15 nm. The scan angle-dependent PFT is
investigated in the range of -6°<6<6° in steps of 2°.

4 Comparison of results

For different scan angles 6, the PTD is calculated directly
behind the lens system using both the ray tracing and the
wave optics approach. In Figure 6, the results are illus-
trated as a function of the normalised pupil coordinate p.

Both theoretical approaches show a high degree of
accordance with differences <2 fs. Therefore, the geo-
metrical analysis is assumed to be appropriate for further
investigations. Nevertheless, the validity in the vicinity of
the focus has to be examined separately. The experimental
investigation of the PFT requires an additional collimating
lens, which is shifted laterally with respect to the focusing
lens depending on the scan angle. The impact of the colli-
mating lens on the PTD is investigated utilising the ray-trac-
ing approach. For different scan angles, the PTD behind the
focusing lens and behind the collimating lens are depicted
in Figure 7 as a function of the pupil coordinate.

The simulation results show stronger bended PTDs
behind the collimating lens. This is plausible because
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Figure 6: PTD for different scan angles directly behind the lens
system calculated by ray tracing and wave optical analysis as a
function of the pupil coordinate.
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Figure 7: PTD as a function of the pupil coordinate for different scan
angles behind the focusing lens and behind the collimating lens
calculated by ray tracing.
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the PTD of both focusing and collimating lens have to be
considered in this case. Owing to the telecentricity of the
focusing lens, the beam passes axially through the col-
limating lens for all investigated scan angles. Therefore,
the PFT is not affected by the collimating lens as the PFT
is determined only by the PTD at p=-1 and p=1. The scan
angle-dependent PFT is measured three times to estimate
the measurement inaccuracies. The averages and inaccu-
racies of the measurement results as well as the simula-
tion by ray tracing are depicted in Figure 8.

Both simulation and measurement of the PFT show
a linear dependency of the scan angle 6. By means of a
linear regression, the slope of 9.9 fs/° is retrieved for the
ray-tracing data. However, the regression line for the
measurement data is shifted -30 fs with respect to the sim-
ulation and shows a slope of 12.1 fs/°. Possible reasons for
a shift of the measurement data can be an initial PFT of
the incident laser pulse or tolerances of mechanical and
optical components as well as misalignment of the auto-
correlator. Tolerances of the lens system may also affect
the slope and are further investigated by performing a
Monte Carlo simulation. Therefore, 1000 systems are sim-
ulated with randomized deviations for all optical compo-
nents within estimated tolerances. This calculation yields
a standard deviation of the slope of 0.8 fs/°.

In addition, the measurement approach, itself, leads
to further uncertainties. To obtain PFT values from the
measured detector signal, a calibration factor is required.
This calibration factor can be achieved with a calibration
method provided by the manufacturer. During the calibra-
tion, a dependency of the calibration factor on the pulse
duration and the initial PFT is observed. This dependency
does not agree with the manufacturer information and leads
to uncertainties of the measured absolute values. Deviations

150 T T T - . .
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Figure 8: Measurement and simulation results of the scan angle-depending PFT.
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of the calibration factor will lead to systematic deviations
of the following measurements and, therefore, affect the
slope of the scan angle-depending PFT. Furthermore, the
autocorrelator enables the PFT measurement in only one
dimension. An initial PFT in the other dimension cannot be
measured but will influence the results. Influences of these
effects are currently under investigation. The first estima-
tions show systematic deviations of about 3% (0.4 fs/°).

5 Conclusion

Both theoretical approaches provide consistent results
for the pulse shape behind the optical system and show
a linear increasing PFT for ascending scan angles. The
same relation can be seen in the results of the experimen-
tal investigation. Through quantitative data evaluation,
deviations of approximately 20% are calculated between
simulation and measurement. A tolerance analysis of the
optical system leads to an uncertainty of almost £10% for
the experimental investigation. Alignment and calibration
of the autocorrelator are expected to cause further uncer-
tainties, which are still under investigation. Therefore, the
experimental results are considered to be concordant with
the simulation within the scope of the uncertainties.

Future research might lead to improvements of the
measurement technology as, for example, the considera-
tion of PFT in two dimensions simultaneously. To enhance
material processing with ultra-short pulses by utilizing
laser scanners, methods for compensating the scan angle-
depending PFT as, for example, achromatic lenses will be
investigated.
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