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In this paper, we establish connections between the thresholds and mechanisms of the damage and
white-light generation upon femtosecond laser irradiation of wide-bandgap transparent materials.
On the example of Corning Willow glass, evolution of ablation craters, their quality, and white-light
emission were studied experimentally for 130-fs, 800-nm laser pulses. The experimental results indicate
co-existence of several ablation mechanisms which can be separated in time. Suppression of the phase
explosion mechanism of ablation was revealed at the middle of the irradiation spots. At high laser
fluences, air ionization was found to strongly influence ablation rate and quality and the main mechanisms
of the influence are analysed. To gain insight into the processes triggered by laser radiation in glass,
numerical simulations have been performed with accounting for the balance of laser energy absorption
and its distribution/redistribution in the sample, including bremsstrahlung emission from excited free-
electron plasma. The simulations have shown an insignificant role of avalanche ionization at such short
durations of laser pulses while pointing to high average energy of electrons up to several dozens of eV. At
multi-pulse ablation regimes, improvement of crater quality was found as compared to single/few pulses.

Since the invention of lasers in early 60s, material ablation with various laser sources has been one of the most
demanded technologies for drilling micro/nanoholes in various materials, cutting, formation of trenches and
other surface and volume relief structures, and material funtionalization'=. Although laser processing of materials
is much finer as compared to mechanical means, the laser ablation quality is still a matter of research targeted to
cleaner crater production with transverse dimensions down to submicrometer size. Among lasers, femtosecond
laser sources have been proven to enable production of finest ablation structures due to reduced heat-affected
zone®™. For inorganic dielectrics with low heat conductivity and non-linear light absorption, the fs-laser process-
ing quality can be even higher compared to metals if large temperature and, hence, stress gradients do not lead to
crack formation in brittle materials>*. Damage can be highly localized when radiation is absorbed by permanent
and/or transient photo-induced defect states!®!!. However, due to a complicated interplay between numerous
processes initiated by laser action on bandgap materials, the quality of laser processing remains to be a hot topic
for research. Laser energy deposition to each material has specific features in terms of damage threshold, effi-
ciency and quality of ablation that is determined by physical material properties.

On the border of 21* century, several historical experiments were performed which gave invaluable insights
into the processes upon ultrashort laser ablation of transparent dielectrics and indicated possible routes for ultraf-
ine ablation!?-1”. Those experiments were mostly done for fused silica as an excellent model for in-depth studies
due to well-known properties including non-linear behaviour, transient and permanent defects, and wide use in
numerous applications'®. Figure 1 summarises main findings. Stuart et al.'® identified the damage threshold Fy,
for fused silica at 800 nm wavelength by microscopy inspection of the irradiated area. They demonstrated that, at
pulse durations 7| below ~10 ps, the Fy, value is almost constant with only slight decrease toward shorter pulses
down to 100 fs while, with increasing 7| above 10 ps, F, is increasing as ~7;%° (black dots in Fig. 1). At the same
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Figure 1. Linking the laser ablation and breakdown thresholds and ablation quality at femto- and
picosecond pulse durations for fused silica glass. The damage thresholds are given by black dots (Stuart

et al.’®) and open triangles (Lebugle ef al.’®). Black rhombic symbol shows the optical breakdown threshold
measured at pulse duration of 25 fs by Li et al.?. At the upper panel, the SEM images of laser-produced craters
are introduced from the work by Lenzner et al.'” with corresponding irradiation regimes shown by stars. Two-
colour hexagons indicate the damage (bottom) and breakdown (top) thresholds measured in the present work
for Corning’s Willow glass. The regimes studied in this work are shown by vertical arrow pointing up with
underlining the conditions of special interest between two thresholds by ellipse.

years, several groups made attempts to connect free-electron plasma lightning upon laser excitation with the
damage threshold'?'*. It was shown that appearance of luminous plasma (optical breakdown) could be a good
mean to identify Fy, in fused silica at 7 > 10 ps. However, at shorter pulses, optical breakdown measurements are
contradicting. For femtosecond laser pulses, Du et al.'>!? reported the optical breakdown threshold Foy being
several times higher than the damage threshold. Varel ef al.'* also found somewhat higher Foy compared to the
damage threshold at 71 in the range of 500 fs—4.5 ps while at shorter pulses they measured the same values for Fp
and F;. Note that in ref. 14 the reported Fy and Fy, values were a factor of two higher than reported by Stuart
et al.’>. At 7, <100 fs, the Fop value decreases with shortening pulse duration'>!* as well as F, as shown by
Lebugle et al.’® (empty triangles in Fig. 1). At very short laser pulses, the thresholds for damage!” and plasma
luminescence® coincide (see Fig. 1).

Lenzner et al.'®!” demonstrated a possibility of production of perfect crater shapes when decreasing the pulse
duration to few-cycles (upper panel of Fig. 1). The edges of craters formed by 3-ps and 220-fs pulses are cracked
due to high pressure gradients generated by swift heating the irradiated area. Shorter pulses (20 fs, Fig. 1) yield in
better crater quality, culminating in the perfect crater produced by 5-fs laser pulse. As for such pulses Fp values
have not been measured, it can be speculated that the generated free-electron population has no time to become
hot enough for transferring much energy to the lattice. As a result, crater formation happens in a “cold ablation”
regime without generation of high pressure gradients damaging the crater edges. It should be noted that the “cold
ablation” regime is widely accepted to be inherent for IR lasers at 7, < 10 ps®..

In this paper, we explore the “cold ablation” regime for another glass material, Corning Willow glass
(alkali-free borosilicate glass of complex composition)?. Compared to fused silica, such glass has lower anneal-
ing and melting points and presumably lower band gap. One can expect that the difference in physical proper-
ties results in different damage thresholds. However, the same Fy, has been found for our irradiation conditions
(Fig. 1). The results of ablation have been studied systematically as a function of laser fluence at 130-fs pules of
800-nm wavelength from the point of view of crater morphology, ablation mechanisms, and free-electron plasma
luminosity for single and several laser pulses. To get insight into free-electron plasma formation, modelling has
been performed which does not support the concept of “cold ablation”. Although modelling was done for fused
silica, the conclusions can be applied to the studied glass in view of similarity in the damage thresholds. Evidences
for coexistence of several mechanisms of ablation, including air plasma effects, are discussed.

Results

Laser ablation of Corning Willow glass??> was performed by Ti:Sapphire laser system (Coherent, Legend Elite
fs-laser series, 800 nm central wavelength, 130 fs pulse duration, maximum repetition rate of 1 kHz). The main
aim was to establish direct links between the three laser-glass interaction aspects, the thresholds for ablation and
optical breakdown and ablation quality.
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Figure 2. Linking optical emission with crater morphology. (a) Early stage optical emission spectra from
Willow glass which belongs to a hot electron plasma excited in the sample. Below 13 J/cm? emission is hardly
detectable. (b-d) AFM profiles of the single-shot ablation craters obtained with the average fluences of 59J/cm?
(b), 24]/cm? (c), 2.76J/cm? (d).

Single-pulse ablation. Figure 2(a) demonstrates the white-light spectra collected from irradiated Willow
glass which can be attributed to bremsstrahlung radiation of free electrons generated in the laser-excited sample.
The damage threshold was determined at the average fluence of ~2J/cm? (Fig. 1). At 2.76]/cm?, a well-defined,
~150-nm deep crater with diameter of 10 um is formed (Fig. 2(d)). The crater is surrounded by a 50-nm high rim
whose formation can be attributed to the fact that this material is softer and has a lower melting point compared
to fused silica where a rim was not observed"’.

Electron plasma luminosity from the sample was detected well above Fy,, starting from ~13 J/cm? (Fog, Fig. 1),
that coincides with the data for fused silica obtained in refs 12 and 13. With increasing laser fluence above Fj,
the craters change their forms with clear appearance of a double-rim structure (Fig. 2(b—c)). The sequence of the
crater profiles with increasing laser fluence is presented in Fig. 3 (see also Supplementary Fig. S1, in addition to
Fig. 2(b-d)).

As expected, the crater diameter and depth are increasing with fluence. At 13J/cm? the crater is ~25-pm
wide and ~400-nm deep. Namely starting from this breakdown threshold, a “secondary crater” appears inside
the ablated volume with its “secondary” rim which is well seen at higher fluences (Figs 2(b,c) and 3, and
Supplementary Fig. S1). The positions of rims surrounding secondary (internal) craters and the crater bottom
geometry indicate that the spatial distribution of laser intensity is asymmetric. It can be due to several reasons
such as astigmatism and the output beam divergence. As a result, the M? beam quality factor becomes different
for two orthogonal directions across the beam axis with deviating from a diffraction-limited TEM00 laser beam??
and yielding a non-circular crater. At high laser fluences, the crater becomes more symmetric (Fig. 3, 112]/cm?).
Most plausibly, this can be attributed to air ionization effects***. Upon propagation toward the sample surface, a
high-intensity laser beam induces ionization of air molecules that is more efficient in the higher intensity regions
of the beam cross section. Before reaching the sample surface, the laser beam can be essentially flattened due to air
ionization?!. Thus, air ionization can lead to beam “self-healing” via smoothing high-intensity imperfectnesses.

Influence of air ionization on crater formation is confirmed by the geometry of craters produced at high laser
fluences, of the order of 100 J/cm? and higher (Fig. 3, 112]J/cm?). With almost twice increased fluence, the depth of
the crater is increasing only slightly (Fig. 3, 59 and 112]/cm?) that can be attributed to enhanced light absorption
during beam propagation through air at larger fluences due to multiphoton/tunneling ionization*. At fluences
>100]/cm? a third, outer rim is formed with the diameter more than 3 times exceeding the beam diameter (1/€?).
The incident laser energy is too low at the positions between primary and outer rims and, thus, cannot induce
material damage. Several mechanisms can contribute to such “matryoshka-like” crater formation with material
damage beyond the irradiation spot: (a) air and ablation plasma reemission during recombination of plasmas*
(note that air plasma recombines within several nanoseconds after femtosecond laser pulses* while ablation
products can produce light emission at a longer timescale upon plume expansion®); (b) strong scattering of the
tail part of the beam by air plasma produced by the beam front?; (c) a strong shock wave generated upon air
plasma recombination which travels outward the plasma region and can induce material modification at its con-
tact with the surface®?*. It should be mentioned that, for our 7, at fluences above ~80]J/cm?, the beam propagation
is affected by the Kerr nonlinearity that provides more effective air ionization before the geometrical focus and,
thus, higher scattering of laser light.

Inspection of the craters with AFM (Fig. 4) has shown that the crater bottoms are covered by nanoparticles.
Nanoparticles are less abundant at small fluences, being at the same time of larger sizes compared to those at
higher fluences. Such morphology of redeposited particles is in line with the phase explosion mechanism of
ablation?*2. From the theory of metastable liquid®***, it is known that a higher overheating of melt toward the
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Figure 3. Cross sections of the craters. Primary rims surrounding ablated area are shown by black horizontal
arrows. The rims surrounding the secondary craters appearing inside the primary ones are marked by vertical
arrows. An outer rim which is observed at energies above 100]/cm? far beyond the laser irradiated area (marked
by empty arrows at the bottom figure) is attributed to the air plasma reemission effect.

spinodal results in an exponential increase of the rate of vapor nucleation with smaller critical nuclei. This in turn
causes disintegration of the overheated melt into vapor and particles of smaller sizes compared to the regimes of
lower overheating. As material heating is essentially non-uniform across the irradiation spot, at the spot edges the
mechanism of spallation can dominate****, leading to the formation of the rims around the crater assisted by the
recoil pressure of the ablation products®.

If the origin of the outer rim can be attributed to air ionization effects, appearance of the “internal crater” (or
the secondary rim inside the primary crater) is not so clear. One can speculate that this secondary crater forma-
tion is conditioned by different mechanisms of ablation dominating at different regions within the laser irradi-
ation spot and developing on different timescales. One of the plausible explanations could be in delayed phase
explosion in the middle part of the irradiation spot, due to swift atomization of material in the surface layer of
this part (see Fig. 16 in ref. 33). An atomized material layer can temporally suppress the development of explosive
vaporization of deeper layers by the recoil force until its expansion and pressure dropping nearby the surface.

SCIENTIFICREPORTS | 6:39133 | DOI: 10.1038/srep39133 4



www.nature.com/scientificreports/

————y o : e O

2.6

Figure 4. AFM images of the parts of the crater bottoms after single-pulse ablation at different laser
fluences. The color scales depict the height of the crater bottom relief with deposited nanoparticles.

Coincidence of the secondary rim formation with Fnp can also indicate the possibility of the Coulomb explosion
mechanism of ablation®>?*¢ from the middle part of the irradiated area where highly-luminous (and hence very
hot) electron plasma is created. Photoemission measurements®” have revealed superfast electron current from
fused silica (electron Coulomb explosion). Such a strong photoemission can also be followed by Coulomb explo-
sion of ions at high velocities, thus assisting in temporal suppression of explosive material emission from deeper
layers. Additional discussion of the ablation mechanisms is presented below based on the modelling results.

Multi-pulse ablation. As “superclean” ablation reported by Lenzner et al.'®!. was achieved in multi-pulse
irradiation regime, of high interest is to investigate how the crater quality is changing with applying several pulses.
Figure 5 presents the evolution of the ablation volume (a) and crater morphology (b) for the action of 5 successive
laser pulses at repetition rate of 10 Hz. At single-pulse irradiation, the crater volume is gradually increasing with
laser fluence mainly due to its widening (Figs 2 and 3; see also Supplemental Fig. S1). In the multi-pulse regime,
the crater volume increases until the breakdown threshold is reached while at higher fluences some saturation
is observed (Fig. 5(a)). Interestingly, the crater deepens but not widens (compare crater diameters for 16.2J/cm?
in Fig. 5 and 17]/cm? in Fig. 3). Another peculiar feature is that, at multi-pulse irradiation, the crater becomes
cleaner with a smaller rim and smoother walls. This feature can be explained by the accumulation effects (defect
accumulation; rapid freezing the glass matrix at a high fictive temperature which corresponds to another den-
sity and hence to another index of refraction). For the case of volumetric modification, the defect-assisted light
absorption can lead to shielding of deeper material layers via creation of a confined heat-affected zone, resulting
in decreased laser beam transmission®®*. A similar effect can be exhibited upon surface ablation as schematically
shown in Fig. 5(c). First pulses result in creation of a rim and a strongly modified material layer at the crater bot-
tom and walls (Fig. 5(c), middle). Next pulses are better coupling with the modified material and ablate a thinner
layer (depicted by dashed line in Fig. 5(c), right), including the rim consisting from rapidly quenched material
melt. The fact that, upon irradiation of fused silica by few-cycle pulses, a well-pronounced rim was observed at
single-pulse irradiation' while the rim is not seen at multiple pulse irradiation'®!?, supports the conclusions
made above. Note that at low energies, the 5-pulse crater has still rough walls and a well-developed rim (Fig. 5(b),
left), suggesting that laser intensity is not enough to produce strong accumulation. This statement is further
supported by the evolution of crater depth which grows faster with number of pulses at lower pulse energies
(Fig. 5(a)). Also note that crack formation at the crater edges in Willow glass was not found, contrary to fused
silica at pulse durations >20 fs'7, that can be attributed to specific material properties such as softening points
and ultimate strengths.

Revisiting the model of surface ablation of transparent dielectrics. Following thelaser energy balance®,
the damage/ablation threshold of bandgap materials at ultrashort laser pulses is determined by levels of the den-
sity n, and the average kinetic energy E, of free electrons reached upon irradiation. If the n, value is very high
while E, is well below the material bandgap energy, one may state on “cold ablation” through mainly scissoring
the atomic bonds without considerable heating of material matrix. On the contrary, a high average kinetic energy
of electrons at relatively low n, can indicate the regimes of “hot ablation” when the lattice is substantially heated
upon electron-lattice thermalization and electron recombination. There are experimental evidences that, in fused
silica glass near the damage/ablation threshold at ultrashort laser pulses, n, < 10%*° cm=*-**. On one hand, for
very short laser pulses, ~100 fs and shorter, when a noticeable part of the laser energy cannot be transferred to
the dielectric matrix during the pulse*, such n, levels suppose very high electron energy to fit the energy balance
which would result in glass heating at least above the annealing point*. On the other hand, being estimated
from pump-probe measurements, the free-electron density represents an averaged value along the laser beam
propagation direction®® and the local density at the surface layer can be considerably higher. Here we address
the questions on the n, and E, values via revisiting the model of ultrashort laser excitation of dielectric materials.

The simulations have been performed for fused silica whose physical properties necessary for such modeling
are reliable. Willow glass composition is unknown to us, however, it is expected that the glass contains 70-80%
SiO, as usual for borosilicate glasses. This plausibly implies formation of the defect states in silicate matrix sim-
ilar to fused silica. In view of similarity in the damage thresholds of fused silica and Willow glasses (Fig. 1), we
consider that the modeling-based conclusions can be applied to the latter material. The details of the model and
simulations are presented in Methods and Supplementary S2.
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Figure 5. Comparing single- and multi-short laser ablation. (a) The crater volume as a function of laser fluence
for irradiation with one (triangles) and five (squares) pulses. (b) Craters produced by 5 laser pulses at the regimes
below (left) and above (right) the breakdown threshold (pulse repetition rate is 10 Hz). (c) Schematic illustration of

accumulation effects leading to cleaner crater morphology and rim disappearance with number of pulses at high
laser fluences (see text).

Simulation results and discussion.  The results of simulations are presented in Fig. 6. They are obtained
for peak laser fluences which are twice larger than the experimentally reported average fluences. Figure 6(a,b)
show the temporal evolution of the free-electron density and the electron and lattice temperatures for 4 and 5]/
cm? (average fluences of 2 and 2.5J/cm?). In this range of fluences, the damage threshold is usually identified
for fused silica at 7 = 130 fs'>!7194>, The final lattice temperature remains below the annealing point at 4]/cm?
while, at 5]/cm?, it exceeds the melting point (Fig. 6(b)). In simulations, Fy, =2.27J/cm? is determined at which
the annealing point is exceeded and signs of material compaction should be observed upon surface inspection.
It is only slightly higher than the measured Fy, (Fig. 1) and, hence, the model reasonably describes the dam-
age threshold. Additionally, the calculated free-electron density fits the measured data for such fluence level*
when, according to the present simulations, the free-electron density has still a smooth profile toward the sample
depth (Fig. 6(c)). With increasing fluence, strongly inhomogeneous #, profiles are produced with exceeding the
critical plasma density and corresponding formation of a “mirror-like” shielding effect*s. Dynamics of the laser
pulse intensity entering the sample after partial reflection from the excited surface layer is presented in Fig. 6(d),
demonstrating that the above-critical free-electron plasma can reduce the effective pulse duration. Note that the
instantaneous reflection coefficient was calculated according the multilayer reflectivity model®®.

While the lattice temperature and the free-electron population look to be reliable, extremely high electron
energies (Fig. 6(b)) can raise some doubts. Rather low electron densities generated at fluences near Fy, (Fig. 6(a))
require high electron energies in order the absorbed laser energy could bring material toward the damage.
Furthermore, at higher fluences, though the free-electron density increases above 10 cm ™, the electron energy
also further increases. Thus at 8 J/cm? (average fluence of 4J/cm?), the maximum electron density is already
1.3 x 10?! cm™? (Fig. 6(c)) while the electron energy approaches 100 eV that, however, agrees with the energy of
photoelectrons observed at similar laser fluences®. It should be commented that, in the fluence range applied in
simulations (up to 16 J/cm? that corresponds to the average fluence of 8 J/cm?), the role of collisional ionization
(see Eq. (S5) in Supplementary S2) is rather small. According to modeling, the photoionization process essen-
tially determines electron excitation across the band gap during the laser pulse that is in line with earlier reported
results®¥. However, after the laser pulse, continuing collisional ionization is somewhat suppressing the rate of
the free-electron population decay (Fig. 6(a)).

The above-critical “plasma shield” can extend up to 100 nm toward the target (Fig. 6(c)) where the material
experiences extremely fast heating toward a hundred thousand Kelvin at 16 J/cm? Such strong heating is sufficient
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Figure 6. Modeling results on the temporal dynamics of glass excitation and heating. (a) Temporal evolution
of the electron density on the surface of a fused silica sample for two laser fluences. The simulated fluences of

4 and 5]J/cm? correspond to the average laser fluences, 2 and 2.5]/cm? respectively. (b) The electron and lattice
temperature dynamics for the same laser fluences as in (a). At 4J/cm?, the lattice remains relatively cold, below the
annealing point. At 5J/cm?, the lattice is heated above the melting temperature of 2006 K. (c) The spatial profiles
of the free-electron density at time moments of 100 fs after the laser pulse maximum. (d) Dynamic change in

the laser intensity of the beam entering the sample after its partial reflection from the laser-excited surface layer,

(1 —R(1)) x I(t) where I;(t) and R(t)) are respectively the incident laser intensity (black solid line) and the time-
dependent reflection coeffisient. All data are presented for peak laser fluences.

for complete atomization of glass matrix bonds and, additionally, for partial ionization. If to assume that it is fea-
sible, two mechanisms can be responsible for material ablation. As discussed in Section III, in the middle of the
irradiation spot where light absorption is largest, Coulomb explosion is highly probable due to energetic electrons
escaping from a surface layer and leaving behind a high positive charge®>*®. On the other hand, fast atomization/
dissociation of covalently bonded glass matrix has to happen due to rapid lattice heating above the critical ther-
modynamic temperature®. These mechanisms can coexist at high laser intensities though their manifestation can
be separated in time with charge-induced emission of ions happening first. As discussed above, swift atomization
can be a reason for formation “a crater within the initial crater” via transient suppressing of phase explosion in the
hottest middle part of the irradiation spot.

It should be commented that prediction of the ablation depth and crater shape/volume can only be very spec-
ulative for the studied conditions. Numerous factors and physical processes must be taken into account: several
ablation mechanisms, including phase explosion that implies material ejection in the form of micro/nanoparticles
and associated uncertainty in the latent heat of ablation/sublimation of such species; recoil pressure which can
either partially suppress or delay the ablation process and, additionally, lead to material relocation within the cra-
ter; unknown changes in material properties under heating to extreme thermodynamic conditions, etc. Although
modeling results on the spatial profiles of the lattice temperature are in a reasonable agreement with the observed
crater depth when accounting for the sublimation energy, we leave this question for further studies.

Extremely high energy of free electrons can result in appearance of luminous plasma lightning that was
observed experimentally!>-1416, Bremsstrahlung radiation can be roughly estimated by a classical expression®*

Qprem = 1.5 X 10734nen,-ZZTe°‘5W/cm3. (1)

Here the electron and ion densities (n;= 1, in the case considered here) are measured in cm~3 and the elec-
tron temperature is in eV. According to Eq. (1), plasma luminescence is governed mostly by its density and, to
a smaller extent, by the electron temperature. Figure 7 presents the evolutions of the maximum free-electron
density (a) and the bremsstrahlung signal integrated over time (b). We limited simulations by 16 J/cm? (8 ]/cm?
of average fluence) for two reasons. First, multiphoton ionization must give way to the tunneling mechanism at
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Figure 7. Calculated data on the levels of free-electron density and bremsstrahlung emission. (a) The
calculated maximum density of free electrons in the center of the irradiation spot on fused silica surface

under the action of a 130-fs 800-nm laser pulse as a function of average laser fluence. (b) Time-integrated
bremsstrahlung emission intensity from the central point of the irradiation spot calculated by Eq. (9) asa
function of average laser fluence. The calculated damage threshold and the fluence at which the critical electron
density is reached are shown by straight lines. Note that in simulations the fluence was doubled to correspond to
the experimental peak fluence. Here the data are presented for average laser fluences.

such fluences. Second, the role of air ionization already becomes noticeable at such fluences that does not allow
to directly compare with the experimental results obtained under the air conditions (the detailed study of the role
of air ionization under these particular conditions will be published elsewhere). According to simulations, the
critical electron density is achieved in the middle of the irradiation spot at ~4.2J/cm? (Fig. 7(a)). At such fluence
values, the electron population profile is already substantially inhomogeneous (Fig. 6(c)) in the direction to the
sample depth and, hence, direct evaluation of the electron density from pump-probe measurements is already
problematic®.

Due to a swift increase of the free-electron density with fluence, the time-integrated bremsstrahlung emission
from the central point of the irradiation spot increases by app. 3.5 orders of magnitude in the fluence range from
Fy, to the achieving the critical electron density (Fig. 7(b)). Note that the space integration of bremsstrahlung
emission has not been carried out in the present simulations which would further increase the difference in
bremsstrahlung signals for low and high fluences. Although some bremsstrahlung emission has to occur as soon
as plasma is produced, its detection is determined by the detector sensitivity as noticed by Varel et al.'*. However,
we consider that a good concurrence of the thresholds measured in this work with those reported in refs 12, 13, 15
and 19 cannot be occasional, pointing to grasping the physical mechanisms of the studied phenomena.

As a whole, the damage threshold of transparent solids is more deterministic than Fnp as it is connected
with certain values of material physical properties (softening/annealing point, melting point, yield or fracture
strength)*. If such a value is achieved, the irradiated material changes abruptly its structure/phase and/or mas-
sively ablated, e.g. through mechanical fracture. The difference in Fy, for transparent dielectrics at single ultra-
short laser pulses of a certain wavelength is mainly conditioned by the difference in the band gap (and, hence, the
photo-ionization rate), annealing or melting points, as well as heat capacity. The same damage threshold for fused
silica and Willow glass points that the locally absorbed energy in both materials has brought them to the state at
least above the annealing point.

Detection of Fy is related to bremsstrahlung emission whose intensity is determined by the density and tem-
perature of free-electron “gas”. Hence, some emission can appear as soon as free electrons have been generated. As
mentioned above, the breakdown detection is connected with the detection system sensitivity, involving a spectral
range of a spectroscopic device or sensitivity of a photodiode. Difference in sensitivity/spectral ranges can be a
plausible explanation of the large difference in the measured breakdown thresholds'>-1#,

It should be stressed that the free-electron populations at pico- and femtosecond laser pulses must have dif-
ferent average energies at the same level of laser fluence. This fact inevitably results in a relative shift of the spec-
tral maxima of bremsstrahlung emission that can further affect the accuracy of Fny detection. Besides of the
spectral shift, a decrease in Fyp with shortening 7 below ~100 fs'>!* can be attributed to multiphoton intraband
transitions (multiphoton absorption of light by free electrons)*. The latter process has not been involved in the
reported simulations but can become important at increased laser intensities.
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Figure 8. Schematics of the experimental setup.

At large energies of free electrons reported here, Coulomb explosion looks to be an inevitable mechanism of
ablation. However, as soon as a part of energetic free electrons escapes to vacuum, the conduction band of the
excited dielectric material cannot be considered anymore as located at near-vacuum level due to the build-up of
a high surface potential, preventing further electrons to escape from the surface®. Additionally, at high electron
densities reached with increasing laser fluence (Fig. 7(a)), the Debye length is extremely small that can suppress
electrostatic disintegration of the surface layer.

Conclusions

In this paper, we have made attempts to establish connections between the thresholds and mechanisms of damage
and white-light generation upon femtosecond laser irradiation of wide-bandgap transparent materials. On the
example of Corning Willow glass, evolution of ablation craters, their quality, and white-light emission were stud-
ied experimentally for 130-fs, 800-nm laser pulses. To gain insight into the processes triggered by laser radiation
in glass, numerical simulations have been performed, taking into account bremsstrahlung emission from excited
free-electron plasma. The results of this comprehensive study have led to the following conclusions:

- The determined breakdown threshold for Corning Willow glass is considerably higher than the damage
threshold in the studied irradiation regimes.

- 'The evolution of the ablation crater shape and morphology points to co-existence of several ablation mecha-
nisms which can be separated in time. The “crater-inside-crater” shape whose appearance is coincident with
Fop can be explained by suppression of phase explosion in the middle of the irradiation spot by swiftly atom-
ized external layer of irradiated material.

- Athigh laser fluences, air ionization strongly influences ablation rate and quality. The main mechanisms of
influence can be re-radiation of air plasma upon its recombination, scattering the tail part of the laser beam
by air plasma created by the beam front, and shock wave propagating from the region of ionized air, which
can etch the sample surface in contact areas.

- Multi-pulse ablation at moderate laser fluences can lead to improvement of crater quality as compared to
single pulses.

- Simulations have revealed that the generated free electrons can have very high average energy starting from
Fth.

- Simulated temperature dynamics of the lattice indicates that rapid atomization of external target layer can
happen at fluences near Fyp due to swift transfer of energy from the electronic subsystem which is sufficient
for scissoring chemical bonds of dielectric matrix.

Obtained results and performed analysis has enabled to clarify a number of effects observed upon glass abla-
tion but also added new questions which call for further studies.

Methods

Laser ablation experiments. The scheme of laser ablation experiments is shown in Fig. 8. Laser ablation
of glass was performed by Ti: Sapphire fs-laser amplifier (Coherent, Legend Elite fs-laser series, 800 nm) that is
capable to produce 4 m]J pulses with pulse duration of ~130 fs at maximum repetition rate of 1 kHz. The laser
energy on the target surface was controlled by a combination of a half-wave plate and a polarizing beam splitter.
The Corning Willow glass samples ~100 pm thick were positioned on the XYZ motorized stage. Prior to irradi-
ation, the samples were cleaned in an ultrasonic bath with acetone and isopropanol. The laser beam was focused
on the sample surface with a plano-convex lens of 10 cm focal length. The beam waist at focus was measured using
a traditional technique®! that yielded the beam waist diameter (1/e?) at focus of ~24.5 pm. All experiments have
been performed in air under atmospheric conditions.

Optical emission measurements. The early stage optical emission spectroscopy was performed using
a Czerny-Turner spectrometer with a focal length of 163 mm (Andor DH334T-18U-63 ICCD, quantum effi-
ciency of the intensifier in the range of the measured spectra is between 30-47%). The emission was imaged on
the spectrometer slit (3 mm X 50 pm) using an achromatic fused silica lens with an overall demagnification of
~2.5. The emission intensity at the output of spectrometer was recorded as a function of wavelength with the help
of a fast ICCD camera (Andor, iStar DH334T ICCD) with a minimum temporal resolution of 3 ns. The ICCD
matrix consisted of 1024 x 1024 pixels each with size of 13 x 13 um? The time delay between the laser pulse and
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the measurement with the minimum observation gate was adjusted using built-in delay generator of the ICCD.
The ICCD was externally triggered by the TTL pulse from the laser system. It was ensured that only emission
from free-electron plasma in the sample was recorded, avoiding a contribution from the ablation plasma. The
optical emission for a certain laser fluence was recorded for 50 laser shots. The velocity of the translation stage
was adjusted to avoid overlapping of individual irradiation spots. The optical breakdown threshold was detected
as in the work by Li et al.?* by change of the slope of the integral emission intensity with increasing laser fluence.

Analysis of crater morphology.  The single-shot ablation craters produced on the target surface at different
laser fluences were studied by scanning confocal laser microscope (Olympus LEXT, OLS 3100). The detailed cra-
ter morphology was analysed by atomic force microscopy (AFM) operating in tapping mode (Bruker, Dimension
Icon ambient AFM in peak force modulation with a tip diameter <10nm). The damage threshold was identified
by linear regression of crater volume as a function of fluence from AFM measurements, see Fig. 5. Below this
threshold fluence, no visible signs of laser-induced changes were found by microscopy inspection.

Numerical modeling of laser interaction with fused silica glass.  The details of the model equations
are given in Supplementary Material (S2). In brief, the one-dimensional model consists of the rate equations
describing generation of free electrons and excitons, calculations of the evolving dielectric function of material
with swiftly developing electron plasma for determining spatiotemporal dynamics of the coefficients of reflection
and absorption, and the heat equations in the form of the two-temperature model (TTM). When considering the
TTM, we are aware that, at fs laser pulse timescales, thermal equilibrium within the electron subsystem can occur
to be unachievable by the end of the laser pulse**. Hence, the free-electron temperature is treated as a measure of
the average electron energy. The detailed sets of the model equations can also be found elsewhere®**2.

For numerical solving the model equations, the finite-difference implicit scheme was used with application of
the Thomas algorithm. Numerical grid was regular at the surface layer of 500 nm with the spatial step of 0.5nm.
Deeper to the sample, the spatial step was increased by geometrical progression with the factor of 1.01. The time
step of 1077 s secured convergence, accurate solution, and reasonable runtimes.
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