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ABSTRACT

We investigated the effect of burstmode with nanosecond (ns) time delay between subpulses on sodalime glass volume
machining. We observed in tight focusing configuration that the use of burstmode with ns time delay between subpulses
does not increase the absorption efficiency and does not bring a significant effect on the heat affected zone diameter with
respect to single pulse mode. On the contrary in loose focusing configuration the use of burst mode allows increasing the
aspect ratio of the heat affected zone without extra energy absorption. This effect is highly interesting for filamentation
glass cutting applications.
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1. INTRODUCTION

In recent years, transparent materials such as glass, quartz, sapphire and others are more and more used for mass markets
such as smart-electronics, optoelectronics or watchmaking. However conventional mechanical glass processing
techniques do not provide full satisfaction in terms of speed, throughput and quality. Indeed these techniques often
introduce side and detrimental effects such as residual stresses or crack formation (chipping). Therefore, there is a room
for improvement and lasers have a role to play, especially ultrafast lasers since they have the capacity to perform in-
volume processing for waveguide inscription’, for welding?, for cutting® or for midrodrilling* for instance.

Glass welding by ultrafast laser irradiation is based on a localized melting at the interface between two glass substrates
and a subsequent resolidification, which leads to a strong and permanent bonding. The bonding energy increases with the
relative molten area®’. This application usually requires tight focusing although the welding is also possible with a
filament beam shaping®. In tight focusing conditions, the modification morphology has a comet-like shape with two
embedded structures. The inner one corresponds to the laser photoexcited volume, meanwhile the outer one is directly
related to the heat affected zone (HAZ) due to heat accumulation at high repetition rate, typically above 100 kHz’.
Composition changes in both inner and outer regions have been also reported'®'". Extend of HAZ increases with pulse
energy and repetition rate’.

Burstmode is also an option that must be considered. However the effect of burstmode on laser-dielectric materials
interaction highly depends on the delay between subsequent pulses in the burst (called thereafter subpulses). Indeed, if
the delay between subpulses is shorter than the mean cooling time of photoexcited electrons (typically few tens of ps),
the burstmode contributes to enhance the laser-matter coupling and enlarge the HAZ diameter as described by Sugioka et
al'2. On the other hand, if the delay between subsequent pulses in the burst is longer, the laser-matter interaction does not
benefit from burstmode. Indeed on the ns time scale most of the photoexcited electrons have relaxed, and although the
irradiated area has not yet returned to room temperature, the HAZ diameter has been shown to become smaller than in
single pulse mode'?.

Laser-based glass cutting is also a subject of high interest from an industrial point of view. Ablation cutting is quite slow
and produces a lot of dust. Another technique is scribe and break but the main drawback is an uncontrolled path
deviation along the sidewall (cut plan). In comparison to these previous techniques, filamentation cutting offers several



advantages such as zerokerf, dustfree, smooth and regular cut plan, and rapid processing (several 100 mm/s).
Filamentation cutting consists in weakening the glass by producing an elongated modification along the glass thickness
as a precutting step, and then in releasing the two parts thanks to a mechanical pressure’. The filament is produced at
high laser intensity, in specific focusing conditions, and results from equilibrium between self-focusing (Kerr effect) and
defocusing when the intensity overcomes the critical power®. The filament may propagate the laser beam energy on mm-
long distance. The effect of burstmode with ns-delay on filament morphology has been investigated by Esser and
Rezaei®’. They have shown that burstmode contributes to create a filament, which may act as a waveguide for
subsequent high aspect ratio microdrilling in dielectric materials.

In this paper we report on the influence of burstmode with a ns-delay on the heat affected zone morphology while
focusing a femtosecond laser beam inside sodalime glass. The aim is to improve glass welding on one hand, and
filamentation cutting on the other hand. The results will be compared to single pulse processing and discussed in terms of
HAZ diameter, HAZ length and nonlinear absorptivity. We have demonstrated that burstmode with a ns-delay is useless
for glass welding since it does not enlarge the HAZ, whereas it is useful for filamentation cutting since it contributes to
extend the length of the filament for a same level burst energy.

2. EXPERIMENTAL SETUP

For our experiments we used a Satsuma Yb-doped fiber femtosecond laser from Amplitude Systemes, emitting at 1030
nm with pulse duration down to 300 fs and with repetition rate varying from 500 kHz to 2 MHz. Its output power is 5 W
and the maximal output pulse energy varies from 2.5 uJ to 10 pJ. The laser can be used in single pulse mode as well as
in burstmode (schematized on Fig. 1a). The delay between subpulses in the burst is defined by the oscillator repetition
rate, which is of 40 MHz leading to a time delay of 25 ns. It is thereafter referred to as 25 ns-burstmode. The number of
subpulses in the burst can be tuned from 1 (single pulse mode) to 10. It is commonly referred to as pulses per burst
(PPB). The energy E, of the burst (sum of the energies of the subpulses) is equal to the energy of the pulse in single
pulse mode.
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Figure 1. a Schematic representation of the burstmode.. b. Schematic representation of the experimental setup. The energy
control module is composed of a half-wave plate and a polarizing beam splitter cube.

The experimental setup used for this study is presented in Figure 1b. It included the laser, a half-wave plate combined
with a polarizer cube to control the pulse energy, a beam expander, an inverted microscope (Olympus, Eclipse) equipped
with a microscope objective (Mitutoyo, M Plan APO NIR) to focalize the laser beam on the sample, and a XYZ
motorized stages system (Aerotech, A3200) with a specific sample holder for positioning the sample under laser beam.
We used three objectives successively in this study with a magnifying power of 20x, 10x and 5x respectively. Taking
into account the beam diameter on the entrance pupil of the objectives, the effective used numerical apertures (NA) were



0.4, 0.26 and 0.08 respectively. When using 0.4 NA the setup is said to be in tight focusing configuration, and when
using 0.26 or 0.08 NA it is said to be in moderate and loose focusing configurations respectively. The glass samples were
commercially available 1 mm-thick sodalime microscope cover slides (Duran Group). We used the CCD camera to
localize the sample surface and then the laser beam was focalized 250 um deep in the glass volume.

We speak about experiments in static mode when the laser beam was focalized into the sample at a fixed position for
10,000 pulses. We speak about experiments in dynamic mode when the beam was scanned over the sample at constant
speed. The number of equivalent pulses per point of irradiation is calculated taking into account the scanning velocity,
the repetition rate and the interaction volume diameter. In order to be close to the static mode with 10,000 pulses per
fixed position, we used a scanning speed of 5 mm-s'. The dynamic configuration allowed also the absorption
measurements using a power meter measuring the time-averaged transmitted power through the glass sample during
laser beam scanning the sample. Assuming reflection and scattering from the laser induced plasma are negligible the

P

nonlinear absorptivity is given by A =1——" where Pi is the incident laser power, Pt the transmitted laser

P, (1-R)*
power through the glass sample and R the Fresnel reflectivity.

The HAZ in the glass after laser irradiation can be observed either from the laser incident direction (called top view), or
perpendicularly to the incident laser beam such that the observed HAZ is composed of the superposition of the heat
affected zones generated by the laser scanning (called side view). The sample characterization was made with an optical
measurement microscope (Mitutoyo, MF-A1010H) coupled with a QM-Data 200 calculator, using 10x or 20x objectives.

3. RESULTS AND DISCUSSION

3.1 Burstmode influence on HAZ diameter for glass welding application

The bonding strength of a welding seam is linked to the absorption efficiency of the laser beam at the interface of the
glass samples. When the absorption is more efficient, the HAZ is wider, and the strength of the joint is higher®’. In order
to evaluate the interest of burstmode on glass welding, we studied the evolution of the glass absorption efficiency when
using the burstmode within tight focusing configuration (NA 0.4). To this aim we irradiated the sodalime glass sample in
static mode varying the number of PPB from 1 to 5, for repetition rate varying from 2 MHz down to 250 kHz. The
resulting material modifications observed by optical microscopy are reported on figure 2.
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Figure 2. Top view optical microscopy observation of the HAZ created in the glass sample for 1 to 5 PPB and repetition rate
from 2 MHz down to 250 kHz. The focusing laser beam has a numerical aperture of 0.4 (objective 20x) and its incidence is
perpendicular to the plane of the picture. Each HAZ was irradiated by 10,000 pulses in static configuration. The average
power available on target was 500 mW for each repetition rate. The target pulse energy was 0.25, 0.5, 1 and 2 uJ for 2 MHz,
1MHz, 500 kHz and 250 kHz respectively.



Figure 2 shows the influence of the number of PPB on the HAZ diameter for repetition rates of 2 MHz, 1 MHz, 500 kHZ
and 250 kHz. For each repetition rate the target power is kept constant and fixed at 500 mW. We observe that the HAZ is
always composed of two concentric circular zones. The inner circular zone corresponds to the laser photoexcited volume
and the outer zone to the molten HAZ as reported by Shimizu et al'>. When the glass sample is irradiated in single pulse
mode (1 PPB), the extent of the HAZ increases when the laser repetition rate decreases. Since the target power is kept
constant when varying the repetition rate, a decrease of the repetition rate induces an increase of the target pulse energy.
The results observed here are thus consistent with respect to previous published results®. At each fixed number of PPB,
from 2 to 5, the HAZ diameter also varies inversely to the repetition rate since the subpulses energy is higher when the
repetition rate decreases. The measured values of the HAZ diameter with respect to the number of PPB for each
repetition rate are reported on the graph of figure 3.
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Figure 3. Measurement of the diameter of the HAZ shown on figure 2 with respect to the number of PPB. The data are
underlined with spline fits.

At a fixed repetition rate, we observe a decrease of the diameter of the HAZ for higher numbers of PPB. This result is in
accordance with the paper published by S. Wu et al'*. As mentioned above, they demonstrated that the effect of double-
pulse ultrasfast laser irradiation was linked to the delay time between the two subpulses. They reported that the HAZ
becomes smaller than for single pulse mode for a time delay between sub-pulses beyond some tenth of ns, which is
consistent with our 25 ns delay time burstmode.

We also measured the absorption of the laser beam induced by the laser-glass interaction while varying the number of
PPB. Figure 4 reports the absorption measurements for 1 to 5 PPB and for repetition rates going from 500 kHz to 2
MHz. The average power available on target was still kept at 500 mW for each repetition rate. In single pulse mode, the
absorption increases when the repetition rate decreases, in accordance with the HAZ size. Indeed the increase of pulse
energy leads to stronger multiphoton absorption, and therefore to larger HAZ. For each repetition rate, the glass
nonlinear absorptivity appears to decrease while increasing the number of PPB. This result is also consistent with the
HAZ diameter measurements. When using the burstmode at constant pulse energy, the subpulses energy decreases with
the number of PPB. Since after 15 ns most of the photoexcited electrons have relaxed, the use of burstmode only induces
a decrease of the pulse energy and thus of the nonlinear absorption. A laser with ns-burstmode is therefore not adapted to
address glass welding application.
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Figure 4. Absorption efficiency of the intravolume interaction versus the number of PPB. The measurements were done in
dynamic configuration at 5 mm-s™. The average power available on target was 500 mW for each repetition rate. The target
pulse energy was 0.25, 0.5, 1 and 2 pJ for 2 MHz, 1IMHz, 500 kHz and 250 kHz respectively. The data are underlined with
spline fits.

3.2 Burstmode influence on filament length for glass (pre)cutting application

Then we investigated the interest of using ns-burstmode for filamentation. Figure 5 shows the influence of PPB on the
HAZ morphology for moderate (NA 0.26) and loose (NA 0.08) focusing configurations for static mode glass irradiation.
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Figure 5. Side view optical microscopy observation of the HAZ created in the glass samples for moderate (NA 0.26) and
loose (NA 0.08) focusing configurations in static mode. The laser is incident on the glass sample from the left of the picture.
a. The target power was 1.1 W, the pulse duration was 380 fs, the repetition rate was 500 kHz, and each HAZ was created
by irradiation of 500 successive pulses. b. The target power was 1.5 W, the pulse duration was 300 fs, the repetition rate was
500 kHz, and each HAZ was created by irradiation of 1,000 successive pulses.



With 0.26 NA in single pulse mode, we observe that the material modification present a comet-like shape with a laser
photoexcited zone surrounded with the molten HAZ zone as in the case of tight focusing'®. The tail of the comet is
localized on the geometrical focus position, and its front delimitation is positioned closer to the incident glass surface
due to the optical Kerr effect. When increasing the PPB, the two embedded zones are still visible, however the aspect
ratio of the HAZ increases. For 3 and 5 PPB the width of the HAZ decreases while its length increases. The front
delimitation moves back towards the geometrical focus position for higher numbers of PPB because a diminution of the
subpulses energy reduces the optical Kerr effect. The elongation of the HAZ follows the laser propagation direction,
which indicates a better energy propagation efficiency.

In loose focusing configuration (0.08 NA), the material modification no longer has a comet shape, but rather looks like a
filament. The HAZ is much thinner and longer with respect to higher NA. The filament is composed of a head, in front
of the geometrical focus position, and a tail, which goes far beyond. We observe that the filament also lengthens when
the number of PPB increases up to 3 and then decreases down to the size of the filament obtained in single pulse mode or
even below. As for the moderate focusing configuration, the front delimitation of the glass modified zone appears deeper
when the number of PPB increases up to 4, due to lower optical Kerr effect. For 5 PPB, we have no explanation
concerning the position of the filament front delimitation. Figure 6 reports the observation of the filaments obtained in
dynamic mode at velocity 5 mm-s™, in order to enhance the contrast of the tail of the filament. The length of the whole
HAZ can thus be evaluated more precisely. The measured lengths are reported on the graph of figure 7.
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0.26) and loose (NA 0.08) focusing configurations in dynamic mode. The target power was 1.5 W, the pulse duration was
300 fs, the repetition rate was 500 kHz, and each HAZ was created with translation velocity 5 mm-s™.

Additional insights give us the influence of the pulse energies on the laser affected zone length in the burstmode
irradiation. The results for four different target pulse energies are presented in figure 7. For pulse energies below 2.4 pJ
the length of the generated filament decreases with the number of PPB. For higher energies available on target, the
behavior alters. The use of burstmode interestingly generates longer filaments. The longest HAZ is obtained for 3 PPB
for a burst energy of 3.1 pJ and 3.8 pJ. The filament reaches a length of around 950 um and 1200 um for 3.1 uJ and 3.8
uJ respectively, that is 200 pm longer compared with single pulse mode for both pulse energies.
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Figure 7. Measurement of the filament length according to experiments in loose focusing configuration and dynamic mode
reported on figure 6 with respect to the number of PPB, at 500 kHz. The data are underlined with spline fits.

We then measured the absorption efficiency of the laser-glass interaction in loose focusing configuration for 1 to 5 PPB
and for varying target energy. Figure 8 shows the influence of the number of PPB on the energy absorption in the sample
for target energy varying from 1.6 pJ to 3.8 pJ.
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Figure 8. Measurement of the absorption efficiency versus the number of PPB at 500 kHz. The data are underlined with
spline fits.

We observe that whatever the target energy the absorption efficiency decreases when the number of PPB increases.
Consequently the use of burstmode in loose focusing configuration allows increasing the filamentation length and thus
the energy propagation without extra energy absorption. This striking result is highly promising for filamentation glass
cutting processes where the point is to generate filaments as long as possible. Single pass full cutting would require



higher energy, but in present case the filament generation could be used as a precutting step. It would weaken the glass
and generate mechanical stress along a predefined line, as required for cutting.

3.3 Transient waveguiding effect

Considering the results presented in the previous sections, we would like to focus on the particular filamentation regime
realized in the burstmode. Despite the overall absorbed energy is lower, the filaments are longer. Moreover, longer
filaments, which are caused by strongly nonlinear processes, are produced with the pulses having much lower peak
intensity compared with convenient irradiation with single pulses. Apparently, the transient changes in electronic
structure and structural modifications of the glass produced by the first subpulse strongly affect nonlinear propagation of
the subsequent subpulses. Due to small time interval between the subpulses in the burst, relaxation processes have not
finished yet and such transient changes are especially effective. Schematically these relaxation processes are illustrated
on the Figure 9, where we present the characteristic times of the different steps of the light-matter interaction at high
intensity in glasses.
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Figure 9. Schematic representation of light-matter interactions at high intensity versus time in sodalime glass.

Among others we selected the factors, which are non-negligible when the next subpulse arrives and which can
significantly influence propagation of the subsequent pulse as reported in the literature. These factors are residual
electrons in the conduction band', changes of nonlinear susceptibility directly causing nonlinear propagation'>'¢,
refractive index changes induced by the presence of the permanent defects'®'” and thermally induced variation of the
refractive index'®. Most of these factors, however, lead to mainly light defocusing or negligibly affects nonlinear
propagation. On the contrary, thermal-induced variation of refractive index can produce substantial index variation and

deserves more attention.

In our case, when the laser works at 500 kHz, the absorbed energy has not completely dissipated before the following
burst arrives. In the long run this causes heat accumulation and gradual pulse-to-pulse temperature rise'*’. In the burst
mode, the laser oscillator frequency is 40 MHz so the time delay between subpulses is 25 ns. At such short time scale
heat diffusion processes have even less time to evacuate the absorbed energy. As a consequence the lattice temperature,
which is subjected to sufficient local rise in the focal zone®, induces a bandgap collapse'®. The main factor that
determines the collapse of glass bandgap is the thermal vibrations rather than the structural disorder. Therefore the heat-
induced bandgap changes follow the temperature increase almost instantly after 50-100fs (a time characteristic of lattice
vibrations). This leads to a transient positive refraction index variation estimated at the order of 0.02 at the laser
wavelength. On the other hand, the temperature increase of the material induces a volume expansion. This density
variation leads to a decrease of the refractive index. The volume expansion, however, has different characteristic time,
which is given by the viscoelastic relaxation 1y = n(T)/G, where 7 is the viscosity and G is the bulk modulus of sodalime
glass. Considering a temperature close to the glass vitreous transition where the material is expected to be significantly
modified, the volume expansion characteristic time lies in the range of hundreds of ns. Therefore we suggest that a
competition between both the increase and decrease of the refractive index in the laser-material interaction zone may
result in an overall positive index variation. This variation forms a transient focusing lens, leading to a transient
waveguiding effect. The energy deposition zone thus elongates, favoring the filamentation phenomenon without extra
energy absorption. This explanation is consistent with our experimental data, however it needs additional experimental
confirmation supported by accurate theoretical simulations.



4. CONCLUSION

We studied the effect of burstmode with 25 ns time delay on sodalime glass volume machining. We investigated
primarily the influence of numerical aperture by comparing material modifications induced in single pulse or in
burstmode regime. In tight focusing configuration the use of burstmode did not show any positive effect. Ns-bursts lasers
are not ideal candidates for welding processes. On the contrary, in loose focusing configuration the burstmode with ns-
delay time proved to be highly interesting. It increases drastically the HAZ aspect ratio and therefore the filamentation
efficiency without extra energy needed. We proposed a thermal effects-based explanation for this observation, named a
transient waveguiding effect. Further experimental work such as pump-probe measurements would allow verifying this
hypothesis. This effect is promising for glass cutting processes at least for the filament precutting step. The optimization
of the subpulses delay time would probably even allow to increase this waveguiding effect and thus the filament length.
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