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Abstract: We present time and space resolved transverse pump-probe measurements of the
free electron and defect generation induced by nonlinear absorption of ultra short pulsed laser
radiation in unhardened Corning Gorilla glass. The applied setup exhibits a 100 fs probe pulse
duration and an independent pump pulse duration up to 5 ps. Hence, our work comprises the
absorption of ultra short pulsed laser radiation at a wavelength of 800 nm and pulse energies
from 10 μJ to 50 μJ up to a delay of 6 ns. Our investigations reveal different absorption regimes
like filamentation and moving breakdown as well as the formation of permanent modifications.
Finally, the deposition of multiple pulses in the incubation regime is examined, observing a
self-organizing absorption effect.
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1. Introduction

The nonlinear absorption of ultra short pulsed laser radiation in a transparent material offers a
variety of different applications. It is a challenging task to control the energy deposition appropri-
ately for tailoring the material modification suited to a specific process [1, 2]. With regard to in-
volume machining, different modification mechanism are applied e.g. to write waveguides [3],
to bond glass interfaces [4], to etch the laser modified regions with enhanced selectivity [5] or to
locally weaken the material with tailored beams to enable a fast cutting process [6]. To increase
process control and achieve a detailed understanding of the fundamental phenomena, down to
a femtosecond timescale, in-situ observations of absorption and decay processes offer a deep
insight into the laser material interaction.

The initial absorption process in the interplay between ultrashort pulsed laser radiation and
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a transparent material is the deterministic generation of free electrons. These first seed elec-
trons are produced via tunnel or multiphoton absorption, depending on the applied electric field
strength. Due to the inverse bremsstrahlung the free electrons are accelerated in the electric field.
Once they gained sufficient kinetic energy, a collision with bound electrons can excite new free
charge carriers by means of impact ionization. As long as the electric field is strong enough
to accelerate electrons, the latter process can amplify itself. Generally, this effect is denoted as
avalanche ionization.

The geometrical shape of the absorbing volume is mainly determined by the intensity dis-
tribution of the incident laser radiation. Due to the typical peak power on a megawatt-scale
of ultra short laser pulses, the propagation characteristic in matter can be altered significantly
compared to vacuum. The main causes are the Kerr-Effect and the interaction of the pulse with
ionized material. The most prominent result of these combined effects is the occurrence of fila-
mentation. According to the strict physical definition this refers to a longitudinal extended zone
where a part of the beam can propagate with a non-diffracting behavior due to an equilibrium
state of Kerr lens self-focusing and plasma defocusing [7].

Subsequent to the absorption process a modification in the material starts to evolve due to a
variety of decay mechanisms. Typically, the electron phonon interaction leads to a transfer of
energy from the electron to the lattice subsystem. In consequence, different defects emerge. In
fused silica the decay involves a relaxation of the electrons into self-trapped excitons followed
by the formation of defects such as nonbridging oxygen-hole centers (NBOHC) and oxygen
vacancies (E’) [8]. These defects can further recombine into peroxy linkages (POL), peroxy
radicals (POR) in combination with silicon-oxygen-deficiency centers (SiODC(II)) or SiODC(I)
and interstitial oxygen (Oi ) [9,10]. In mixed glasses, the decay mechanism incorporates a plenty
of additional and mostly unknown defects [11]. On a macroscopic scale, these irregularities in
the glass matrix result in a change of transmission which can be identified as color centers. Some
of these point defects can be cured by annealing the material at a few hundred-degree Celsius
[11]. Another aspect of the modified chemical linkage is a change in density and the refractive
index, respectively. Besides the direct electronic processes, the extreme thermo-mechanical load
in the laser-affected volume can change the material significantly. This comprises melting and
resolidification [12], extreme mechanical stress, shockwaves and micro explosions [13].

Several in-situ investigations of these processes have been realized with pump-probe meth-
ods. For example Mao et. al. applied this technique to examine the transverse absorption, the
electron-density and the temporal relaxation channels in fused silica glass under femtosecond
irradiation [8]. The electron collision time and the plasma lifetime in fused silica were measured
by Sun et. al. with shadowgraph imaging and an interferometric pump probe technique [14].

Pump probe imaging has also been used to study the material modification with nanosecond
pulses [15], to observe ablation mechanisms in reflection and transmission [16] or to visualize
the transient shock waves inside the material [17]. However, the geometrical extend of the trans-
verse absorption was mainly imaged for sub picosecond pulses [18–20] in addition to a few
intra-pulse studies [21].

Hence, there are still open questions on the geometrical and temporal evolution of the non-
linear absorption. Especially, the visualization of different absorption regimes, the intrapulse
evolution of the electron density and incubation effects at different laser parameters would ben-
efit from additional experimental data to analyze these phenomena. Therefore these questions
are the content of the present paper.

In the first section we start with a description of our pump-probe setup. Subsequently, the
absorption of a single ultra short laser pulse in the bulk material is investigated and the formation
of a permanent modification is presented. To distinguish between filamentation and moving
breakdown effects, we analyze different pulse and focusing conditions. The final section deals
with incubation effects of multiple pulse processing, resulting in a self-organized modulation of
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the longitudinal absorption.

2. Experimental setup

To investigate the spatial and temporal evolution of the electron density inside the material, we
built up the pump probe setup, shown in Fig. 2. We use a Coherent R© Libra R© laser source with
2 mJ pulse energy and 100 fs pulse duration (FWHM) at a wavelength of 800 nm. The emitted
pulsed laser radiation has a Gaussian beam profile and is split into a pump and a probe beamline.
The probe pulse can be temporally adjusted with respect to the pump pulse via a delay line (100
nm minimum step size, 200 nm repeatability).

Fig. 1. Experimental pump-probe setup for the observation of the spatial and temporal ab-
sorption dynamics during ultra short pulse laser processing of transparent materials. The
nonlinear absorption is measured perpendicular to the propagation direction of the machin-
ing beam with intra-pulse resolution due to an external stretcher in the pump beamline.

At the workpiece the frequency doubled and expanded probe pulse illuminates the glass sam-
ple perpendicular to the pump beam. To observe changes of the transmission inside the material
with a sub 10 μm resolution, we use transmitted light microscopy (comprising either a 20x
Mitutoyo R© long WD or a 10x Olympus R© objective combined with a 150 mm tube lens). A 400
nm laser line filter is integrated in front of the camera (IDS uEye R© ML) to block scattered light
from the perpendicular processing pump pulse and most of the plasma luminescence.

In the pump beamline, a half-wave plate and a thin-film polarizer are used to control the pulse
energy. To independently change the pulse duration of the pump and the probe beam a double
pass grating stretcher is integrated (two gold-coated gratings with 1500 l/mm). This enables
the analysis of intra-pulse dynamics for pulse durations up to 5 ps with a temporal resolution
determined by the probe pulse duration of 100 fs . The pump pulse-to-pulse stability of more
than 99.8 percent enables an excellent reproducible imaging.

Finally, the linear polarized Gaussian pump beam is focused approximately 200 μm below
the surface of the glass sample. In the following experiments all samples are 700 μm thick
alkali-aluminum-silica glass (unhardened Corning Gorilla glass) with polished glass edges. We
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restrict our experiments to unhardened glass to avoid any influence of the ion exchanged region
on the propagation and the absorption of the laser radiation.

To generate shadowgraph images Is single shot experiments are performed for different de-
lays and laser parameters, each on a pristine sample position. Additional background images I0
are recorded for all experiments. With this data the optical depth τ is calculated for each pixel
using

τ = ln

(
I0

Is

)
=

∫ l

0
κ(l)dl . (1)

This calculated images allow to distinguish material which shows a significant nonlinear ab-
sorption of the pump pulse. Precisely, the optical depth represents an integral over all local
extinction coefficients κ along one line l according to the Lambert-Beer law. Therefore an in-
creased value of τ is observed when effects like absorption due to free electrons, transient states,
defects or scattering losses reduce the local transmission of the probe pulse. In the following
parts, we will name this pronounced area absorption zone.

3. Single pulse absorption

To analyze the absorption and formation dynamics of a modification, we operated our pump-
probe setup at a pump pulse duration of 5 ps, a pulse energy of 30 μJ and a 6 mm raw beam
diameter. The focal position was set approximately 200 μm below the glass surface using an
Olympus R© microscope objective (10 mm focal length, NA 0.46). In Fig. 2(a) we present the
calculated images of the optical depth for different delays during the pump pulse absorption
with intra-pulse resolution. Additionally, the corresponding isophotes are sketched around the
estimated focal position. Figure 2(b) shows the decay of the optical depth, the formation of
shock waves and an ex-situ microscope image of the permanent modification.

Within a time interval of 8 ps the electron density builds up in the observed zone. The plot-
ted isophotes illustrate, that the absorption zone starts in the geometrical focus and expands
in direction of the incoming laser pulse. This process can be ascribed to the moving break-
down effect [22]. During the leading pulse edge for pulse durations on a picosecond scale, the
intensity depended threshold for nonlinear absorption moves in direction of the surface. Addi-
tionally the absorption zone becomes asymmetric due to the generation of free electrons and
subsequent absorption. The average longitudinal growth speed was measured to approximately
20.7 × 106 m/s.

At a delay of 8 ps no change in the optical depth can be observed over a few picoseconds.
We denote this maximized absorption zone as the first steady state. According to Fig. 2(b) a
significant decay can be seen after 25 ps. It should be emphasized once again, that the experi-
ment depicts the optical depth in the absorption zone. Therefore, the images include absorption
due to free electrons, transient states or defects as well as scattering losses. We suppose that
especially a few picoseconds after the first steady state, the absorption part from free electrons
decreases and other afore mentioned effects start to dominate. Thus, the low transmission at the
focal position after 25 ps is expected not to be based on free electrons.

We expect that the electronic recombination is the fastest relaxation channel. For example,
Sun et. al. measured the plasma lifetime in fused silica to 170 fs [14]. Due to this fact, we
assume that the fast signal decay in the moving breakdown region is an upper limit for the
electron lifetime and all slower processes involve additional relaxation channels.

To observe contours of phase objects the following images at delays from 500 ps to 6.67
ns are recorded with a slightly defocused imaging setup to enhance the contrast of the phase-
only objects. It has to be mentioned, that the defocusing does not change the appearance of the
central absorption region in our experiments significantly. At 2.6 ns a symmetric structure can
be observed which propagates cylindrically in transverse direction. The propagation speed is
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Fig. 2. Temporal evolution of the measured optical depth for a single pulse with 30 μJ
pulse energy and 5 ps pulse duration, focused with a 10 mm objective into the volume.
Part (a) shows the build up during the absorption of the laser pulse. For the corresponding
focusing conditions, the isophotes are plotted below the pump probe images. Part (b) shows
the decay of the optical depth and the formation of a shock wave. These Images from
500 ps to 6.67 ns use a slightly defocused imaging setup to enhance the contrast on the
phase-only objects. The last contrast-enhanced transmission microscope image illustrates
the permanent modification.

estimated to 5700 m/s. We ascribe this formation to a pressure wave, which starts approximately
500 ps after the pulse is absorbed and propagates through the glass with sonic velocity. After
the structure has detached from the focal region, the geometry starts to change and matches
the permanent modification after a few nanoseconds. At the timescale of 4-6 ns a second shock
wave propagates through the volume. The comparison of the permanent modification with the
time-resolved images shows three essential aspects. First, the volume with distinct color-centers
in the permanent modification corresponds to the fast decay of the moving breakdown region I.
Second, the bright region I I of a strong, permanent phase change i.e. change in the refractive
index, coincides with the second shock wave after 4-6 ns . Third, the dark, scattering focal
structure I I I starts to evolve after 500 ps and presumably results from the first shock wave.

To study nonlinear absorption effects, we applied a pump pulse duration of 100 fs to generate
higher intensities at constant pulse energies and focusing conditions. In Fig. 3 the corresponding
buildup characteristic of the optical depth is shown. The absorption zone starts directly beneath
the surface and expands with approximately 2× 108 m/s, the speed of light in this glass, towards
the focal position. A change of the optical depth beyond the focal plane has not been observed.
Furthermore, the distinct permanent modification is generated at the focal position only.

Although the buildup direction is reversed compared to the experiments with a pulse duration
of 5 ps, it can be described with the moving breakdown theory for ultrashort pulses [22]. Due
to the connection between pulse duration and spatial pulse extend, the applied 100 fs pulse is
localized over a few ten micrometers in longitudinal direction. In consequence, new electrons
originating from pristine material are generated in this confined region of high intensity only.
Hence, the total absorption zone extends in propagation direction with the speed of light in the

                                                                                            Vol. 24, No. 20 | 3 Oct 2016 | OPTICS EXPRESS 23226 



corresponding medium.
In comparison to the absorption characteristic of a 5 ps pulse, several differences can be men-

tioned. Due to an increased intensity, the 100 fs pulse produces an extended absorption zone,
whereby the absorption starts at lower fluences in the beam caustic. In this region energy is de-
posited in the material without being sufficiently high enough to generate a distinct permanent
modification. In consequence, the effective pulse energy at the focus is lowered due to contin-
uous absorption in the propagation path. The resulting modification is much smaller and less
pronounced for a 100 fs pulse duration compared to a pulse duration of 5 ps. We presume that
type and magnitude of a modification depends on the effectively deposited energy density. In
conclusion, the short pulse duration causes a large absorption zone and a slight modification in
the focal plane.

Fig. 3. Measured optical depth for a single pulse with 30 μJ pulse energy and a pulse
duration of 100 fs, focused with a f = 10 mm microscope objective. The left part shows
the growth of the absorption zone during the pulse propagation. On the right the permanent
modification around the focus is magnified.

Fig. 4. Pump probe images for a single pulse with 50 μJ pulse energy and 100 fs pulse
duration, focused by a lens with 50 mm focal length. Multiple filaments propagate through
the medium with the speed of light .

To investigate a different propagation characteristic, we used a reduced effective NA of 0.05
at high intensities. The resulting temporal evolution for a single pulse with 50 μJ pulse energy
and 100 fs pulse duration, focused by a lens with a focal length of 50 mm and a processing depth
of approximately 500 μm, is shown in Fig. 4. The absorption starts directly at the surface and
propagates through the medium with the speed of light. In this case many single filaments are
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observed. All filaments converge behind the geometrical focus. These images indicate that a sin-
gle filament starts in a point of sufficient intensity and propagates linearly through the medium
while maintaining the wave vector of its starting position in the initial wavefront. These fila-
ments can be observed even several Rayleigh lengths behind the focal position. A permanent
modification of the sample after a single pulse has not been observed by transmitted light mi-
croscopy.

Scaling the pulse energy does not primarily influence the electron density in a single filament.
In Fig. 5 the absorption zones for different pulse energies are shown. The peak power ranges
from 50 MW for 5 μJ to 500 MW for 50 μJ. Each image corresponds to the first steady state, at a
delay of approximately 8 ps. An increased pulse energy is distributed in additional filaments and
does not substantially increase the optical depth of an individual filament. This characteristic
is in accordance with observations of other groups [7]. Additionally, the increased intensity at
higher pulse energies leads to a shift of the filament starting position towards the beam entrance
surface.

To account for the influence of the Kerr effect, we estimate the self-focusing threshold power
Pcrit = α(λ2/(4πn0n2)) [23]. Here λ is the wavelength, n0, n2 are the linear and nonlinear
refractive index, respectively. We use n0 = 1.5 and assume n2 = 3.4 × 10−16cm2/W as similar
to alkaline glasses [24, 25]. The constant α for a Gaussian beam is approximated with α =
1.9 [23]. Based on these assumptions the value of Pcrit corresponds to 1.9 MW. It should be
mentioned that the nonlinear refractive index for linear polarization, as used in our experiments,
is increased by a factor of 1.5 compared to circular polarization in an isotropic material [26].
This implicates a lower self-focusing threshold for linear polarized radiation.

For both pulse durations (100 fs and 5 ps), focused by an objective with 10 mm focal length,
the peak powers of 300 MW and 6 MW exceed the self-focusing threshold by at least two orders
of magnitude. However, for these tight focusing conditions, we could not observe a longitudinal
increased optical depth beyond the focal position in contrast to loose focusing conditions with
a focal length of 50 mm and a pulse duration of 100 fs.

The observed significant differences of filament generation in dependence of the focusing con-
ditions correspond to observations of other groups in fused silica [27, 28]. Their experimental
investigations of the generated super continuum were carried out for different focusing condi-
tions to distinguish between optical breakdown and filamentation regime. These experiments
showed a suppressed white-light-generation under tight focusing which can be interpreted as
suppressed extended filaments.

Fig. 5. Images of the optical depth in the first steady state, at a 8 ps delay for different pulse
energies. The pulse with a pulse duration of 100 fs was focused by a lens with 50 mm focal
length. The images show a spatial shift of the filament starting position towards the surface
and the formation of multiple filaments with an increased pulse energy.
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4. Multiple pulse absorption

In the following experiments, we investigated incubation effects by deposition of multiple pulses
at a fixed position. Due to the repetition rate of 1 Hz heat accumulation can be neglected. Under
these conditions, we observe a self-organization effect of the optical depth presumably resulting
from a self-organized electron density as illustrated in Fig. 6(a). The image series shows the ab-
sorption zones in the first steady state, at a delay of 8 ps. The pulse energy in these experiments
was chosen to 10 μJ at a pulse duration of 5 ps. The beam was focused approximately 200 μm
below the glass surface using the aforementioned microscope objective with a focal length of
10 mm. From the left to the right hand side, the number of pulses deposited at the same position
are increased from 1 to 20. Each image represents the absorption at a 8 ps delay after the last
pulse.

Fig. 6. Incubation effects by multiple pulse deposition at the same position. The pump
probe images in (a) show the optical depth of the last pulse for 1 to 20 pulses per position.
The repetition rate was 1 Hz with 10 μJ pulse energy in each pulse. The pulses with a pulse
duration of 5 ps were focused with a f = 10 mm microscope objective. The images show the
first steady state after approximately 8 ps. A self organizing structure develops after a few
pulses. Part (b) shows a grayscale, ex-situ transmission microscope image after 30 pulses
and the corresponding optical depth image.

This data indicate that the absorption of a second pulse is stronger localized at the focal
position. With the third pulse a first hot spot is created at the low fluence end of the absorption
zone. With each additional pulse the hot spots move towards the focal position and show an
increasing optical depth, while additional spots are generated in the low fluence region. The
resulting structure shows a reproducible uniformity with a spacing between the central hotspots
of approximately 4-6 μm. A comparison of two consecutive pulses shows, that the hot spots are
formed almost exactly in the gaps of the prior pulse. For the last four pulses this is visualized
with dashed lines which trace the hot spots from one pulse to the next gap.

Moreover, the permanent modification after 30 pulses is shown in Fig. 6(b) with the corre-
sponding pump-probe measurement. This image indicates that a superposition of all spherical
hot spots leads to a slight permanent modification of the refractive index.

Longitudinal modulated modifications were observed in transparent materials from other
groups, for example by using a Bessel beam [29]. The modulation period in these experiments
was measured to 9 μm. Moreover, modulated structures with a period between approximately
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1-10 μm were observed with Gaussian beams under tight focusing using a NA of 0.9 and a focal
position several hundred micrometers beneath the surface [30, 31]. These effects were mainly
ascribed to nonlinear propagation or aberration effects.

We assume that a modulation of the absorption, induced due to nonlinear propagation, should
be visible in the single pulse experiment as a consequence of the changed spatial intensity
distribution.

Such modulations are not observed in our single pulse experiments. In fact, several pulses are
required to generate the modulation. This leads us to the conclusion that the dominant effect in
our experiments is due to an incubation effect rather than a pure nonlinear propagation effect.

We propose the following explanation for our observations.
In regions with moderate electron density and sufficient fluence, long living defects are gen-

erated, which increase the local absorption. The increased absorption of the subsequent laser
pulse induces the formation of local hot spots which shield the adjacent area. In consequence,
the electron density remains moderate in the adjacent area, which promotes new defect genera-
tion.

However, the excessive electron density in the transient hot spots results in an increased tem-
perature, which on the other hand is capable to cure local defects as aforementioned. Probably
this effect quenches the defects in the current hot spots, so that the material shows no significant
increased absorption in these regions afterwards.

In conclusion, this alternating process of defect generation and quenching of the induced hot
spots by subsequent pulses leads to the longitudinal modulation.

Fig. 7. Pump probe images of the measured optical depth during absorption for (a) the
first, (b) the 10. and (c) the 20. pulse on the same position. The pulse energy is 30 μJ with
5 ps pulse duration at 1 Hz repetition rate using a f = 10 mm microscope objective. The
self organizing hot spots are reproducible generated, considering that each time frame is
produced on a different sample position.

For further insight, the temporal intra-pulse evolution of the first, the 10th and the 20th pulse
is shown in Fig. 7 for a pulse energy of 30 μJ. Obviously, the hot spot structure is excellent repro-
ducible due to the fact that each delay corresponds to an independent experiment generated on a
different sample position. Furthermore, the images indicate, that a higher pulse energy does not
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lead to a modulation in the extended absorption zone. The hot spots are generated close to the
focus, while the absorption remains constant in the region of decreased fluence. However, the
typically temporal moving breakdown characteristic is unaffected from the modulation. Hence,
the hot spots emerge slowly within every single pulse absorption, always starting near the focal
position.

5. Conclusion

In this paper, we presented in-situ pump-probe measurements of absorption phenomena in un-
hardened Corning Gorilla glass. The intra-pulse evolution of a single, tightly focused, 5 ps
pulse was analyzed, as well as the decay of the optical depth and the formation of a permanent
modification. We compared the moving breakdown characteristic during the absorption process
between a pulse duration of 5 ps and 100 fs and discussed the differences in the permanent mod-
ification. We observed distinct longitudinal extended filaments beyond the focal position solely
under loose focusing conditions and presented the transition from single to multiple filaments
with increasing pulse energy.

Finally, we investigated incubation effects with negligible thermal accumulation of tightly
focused 5 ps pulses. Our observations show a self-organizing effect of the absorption with ex-
cellent reproducibility. This effect manifests in a longitudinal modulation of the electron density
with approximately 5 μm spacing, whereupon the absorption centers are erased with each fol-
lowing pulse but contribute to a permanent modification.
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