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Abstract

Understanding the fundamentals of laser-matter interactions is crucial for developing and optimizing ultrafast laser pro-
cessing strategies. In optically transparent solids, the key event by which energy is deposited in the material is through the
generation of an electron—hole plasma via nonlinear excitation mechanisms. As the energy stored in the plasma relaxes, local
distortions of the lattice may occur, such as point defects. These defects give rise to new discrete energy states located in
the bandgap. In this study, we investigate how the presence of these energy states influences the transmission of ultrashort
near-infrared laser pulses in fused silica. Experimental results of laser pulse transmission and photoluminescence from
defects are correlated with optical microscopy of the irradiated spots, allowing us to identify different nonlinear interaction
regimes. Numerical simulations indicate that photo-induced defects influence the nonlinear losses of ultrashort laser pulses
and explain why a non-destructive damage regime with detectable excitation is only observed for a narrow intensity range

in multipulse experiments.
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1 Introduction

The investigation of nonresonant and nonlinear absorption
phenomena in transparent dielectrics induced by high-inten-
sity ultrashort laser pulses holds significant implications for
various areas of research, ranging from fundamental studies
to practical applications [1-3]. Furthermore, these interac-
tions trigger subsequent processes that have notable impor-
tance in laser micromachining of transparent materials and
in a multitude of cutting purposes [4—7]. The initial excita-
tion of conduction-band electrons through strong-field exci-
tation (SFE) [8] serves as a precursor for collisional excita-
tion (CE), which is often considered the primary mechanism
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responsible for achieving critical electron—hole plasma den-
sities [1, 9-13], leading to permanent, non-destructive (Type
I) modifications or even laser-induced damage or Type II
modifications of the irradiated samples [14, 15].

Following the interaction with ultrashort laser pulses, the
electron—hole plasma decays via multiple relaxation chan-
nels, resulting in the formation of self-trapped excitons and
point defects, such as non-bridging oxygen hole centers
(NBOHCs), which have been extensively studied in SiO,
[16, 17]. Some defects further decay while emitting pho-
tons at specific wavelengths, enabling the tracking of their
density and dynamics through distinct emission bands [16,
18-20].

The characterization of nonlinear losses, manifested as a
loss of transmission (excluding plasma-induced reflection),
has been widely employed to investigate laser-induced exci-
tation in transparent solids [21-24]. After remaining con-
stant in the linear interaction regime, a sudden decrease in
transmission at higher intensities indicates that strong-field
excitation (in combination with subsequent CE) produces
a substantial concentration of free carriers. Previous stud-
ies have conducted nonlinear absorption measurements in
various wide-bandgap materials, including SiO,, Al,O5,
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and ZnSe [22, 25, 26]. Simplified rate-equation models
have been employed to fit the nonlinear transmission drop,
enabling the determination of the multiphoton order and cor-
responding coefficients [12, 22, 27, 28].

Experimental investigations in SiO, have revealed a
memory effect imprinted on the nonlinear absorption meas-
urements that is attributed to multiphoton excitation from
pre-excited defect states and closely linked to dielectric
breakdown [29]. Moreover, the impact of excitons on the
nonlinear absorption, serving as readily excitable seed carri-
ers, has been examined in a study by Grojo et al. [27]. It has
been demonstrated that excitons cause a substantial decrease
of the excitation threshold and the associated laser-induced
damage threshold, reducing the required intensities for such
effects to occur. Associated incubation effects that generally
result in a monotonous decrease of the excitation threshold
and correspondingly of the laser-induced damage threshold
as a function of the applied number of pulses have been
studied in various multipulse experiments [23, 30].

This study aims to establish correlations among multiple
experimental observables, providing a comprehensive and
generalized understanding of the distinct regimes of laser-
driven nonlinearities in transparent solids. To achieve this,
we combine transmission measurements with a characteriza-
tion of the photoluminescence (PL) emitted from the laser-
irradiated sample and post-mortem microscopic investiga-
tions. In the transmission measurements, we systematically
increase and decrease the peak pulse intensity to examine
changes in the material response resulting from laser-exci-
tation processes (influenced by defect-seeded multiphoton
excitation) while simultaneously using the PL signal as an
indicator of the concentration of optically-active defects.
Finally, the microscopic investigations are conducted to
determine laser-induced damage, which we define as any
change visible with the microscope. Supporting our experi-
mental findings, a numerical model based on a single rate
equation is utilized. Our results demonstrate that the emer-
gence of a strong PL signal is a more sensitive probe for
the onset of laser-induced damage in fused silica than the
presence of a memory effect in the nonlinear absorption.

2 Experimental setup

In the experiment, a commercial Ytterbium-based laser
source (Satsuma HP2 from Amplitude Laser) operated at
10 kHz and delivering 1030 nm laser pulses with a full-width
at half-maximum duration of 280 fs was used. The laser
beam was focused into the bulk of amorphous UV-grade
fused silica samples (Corning 7980, thickness: 500pm) with
the help of a fused silica lens (focal length: 150 mm) giving
a Gaussian beam waist in the absence of self-focusing of
88um. The intensity was controlled using a combination of
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a zero-order half-wave plate and two thin-film polarizers.
After interaction with the sample, the beam was collimated
and directed onto an energy meter (Ophir PD10-C) to char-
acterize the transmission through the laser-excited SiO,
sample. We ensured that the collection angle of the power
meter was sufficiently large to minimize the losses due to
propagation effects (self-focusing, plasma defocusing, etc.).
In addition, the plasma luminescence from the fused silica
sample was analyzed with the help of a fiber spectrometer
(Avantes AvaSpec-ULS2048XL-EVO).

Figure 1 shows the experimental setup (see Fig. 1a)
together with exemplary results of the spectrally-resolved
PL signal sampled at two different peak pulse intensities
(see Fig. 1b) as well as the transmission of the near-infra-
red laser beam as a function of the peak pulse intensity
(Fig. 1c). At a peak pulse intensity of 0.16 TW cm™2 a
spectrum centered around ~650 nm as expected for a PL
spectrum associated with NBOHCs [31-34] is observed
(see red line in Fig. 1b). At a higher peak pulse inten-
sity of 0.19 TW cm™2 the PL signal exhibits a ~ five-fold
increase while at the same time another spectral compo-
nent centered at ~550 nm becomes visible (green line
in Fig. 1b). While the main peak at 650 nm originates
from NBOHC emission [20, 34, 35], the secondary peak
is attributed to plasma luminescence. In our data analysis,
we will focus on the PL originating from the NBOHCs
which is marked by the gray integration region from
630 to 700 nm. The measurements of the PL yield were
supplemented with optical microscopy of the irradiated
region (see insets in Fig. 2). These images were acquired

HWP

a .
TFP's Shutter L1 Sample L2 Energy
meter
1.00 =
T 075 T OV
Q — 0.16 %
Z 0.50+ PLusone ol
o 0.25-

0.00-

0.05 0.10 0.15 0.20 0.25 0.30

Intensity (TW cm~2)

400 500 600 700 800 900
Wavelength (nm)

Fig. 1 Experimental setup and exemplary results for transmission and
PL measurements in SiO,. a Experimental setup. HWP Half-wave-
plate, TFP thin-film polarizer, LI and L2 lenses, Spec spectrometer,
LT lens tube equipped with a shortpass filter to remove scattered
pump light (Thorlabs FESH1000), one lens to collect the PL, and
one to couple it into an optical fiber connected to the spectrometer.
b PL spectra obtained at two different intensities (yield is shown in
arbitrary units). The shaded gray area shows the region of integra-
tion used to obtain the PL originating from NBOHCs PLypqpc (630
700 nm). ¢ Transmission of the laser pulses through a 500pm thick
fused silica sample as a function of peak pulse intensity up to a turn-

ing point intensity /.,
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Fig.2 Experimental results of the transmission 7" and of the inte-
grated PL signal at four different values of I,.,. The solid magenta
lines show data for increasing peak pulse intensity and the dashed
cyan lines show data for decreasing peak pulse intensity while the
dotted line marks the transmission due to Fresnel losses. In the trans-
mission measurements, the insets show post-mortem microscope

in a plane transverse to the beam propagation direction
with a back-illuminated microscope.

The transmission signal shown in Fig. 1c exhibits an
initial transmission of ~ 0.93 (indicated by T, in Fig. 1c)
that is consistent with Fresnel-losses at the interfaces of
the SiO, sample. After a constant, plateau-like region that
is characteristic of the linear interaction regime, up to ~
0.11 TW cm™2, a drop of the transmission is found that is
attributed to an apparent excitation threshold (labeled 1,
in Fig. 1c) (determined by a drop of 1 % in transmission).

To obtain the transmission curve shown in Fig. Ic we
first move the sample so that the laser irradiates a pris-
tine location, we set the peak pulse intensity /.., = fi,i
and we irradiate the sample for 1 s. As a next step, /) .,
is incremented and the sample is again irradiated for
1 s. Note that the sample is not displaced between two
exposures. This simple experimental sequence (intensity
increase followed by exposure at a constant sample loca-
tion) is repeated until I, = I,,,,,- Finally, we reproduce
the whole sequence, but this time the intensity is gradu-
ally decreased down to [;;;, (not shown in Fig. 1c). To
ensure statistical reliability, we maintain a constant num-
ber of shots at each intensity level (i.e. the ~10,000 laser
pulses corresponding to a 1 s exposure), which means
that the total number of pulses is dependent on /,,,,. As a
consequence, a steady-state of defect concentration and
corresponding PL emission is attained at every intensity.
Once [;,; is reached, the sample is relocated to a fresh,
pristine spot, and the entire procedure is repeated for a
new value of /.. To assess the robustness of our find-
ings, we conducted five repetitions of the measurement

for every value of [ ,.
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images of the spots where the scalebar is 10pm. Results obtained at a
turn-around intensity a /., =0.9 TW cm™2. b I, =0.15 TW cm™. ¢
Lyen =0.18 TW cm™2. d 1,,,,,, =0.28 TW cm™2. Note that the transmis-
sion axis differs between panels and that the microscope image in (a)
is the same as in (b) since no damage was visible at either of the two
positions

urn

3 Experimental results and discussion

Experimental results at four different values of I, are
shown in Fig. 2. Each panel represents a different exci-
tation regime discernible through the employed experi-
mental methodology. The measurements conducted at
Lyn = 0.09 TW cm~2, as depicted in Fig. 2a (upper panel),
solely show a constant transmission as expected in the
linear regime. As anticipated, no change in the material
response is observed in the linear regime, resulting in an
identical transmission when increasing and decreasing
the intensity. Consistent with the fact that the excitation
threshold within the sample is not surpassed and no elec-
tron—hole plasma is generated, no defect PL is detected
(see lower panel of Fig. 2a). Correspondingly, no laser-
induced damage is found using optical microscopy, as evi-
denced by the inset in the upper panel of Fig. 2(a).

In contrast, at /,,,, = 0.15TW cm™2, a notable decline
in transmission is observed for 7 > 0.11 TW cm™2 (see
Fig. 2b). After reaching /., and subsequently decreasing
the peak pulse intensity to [, the transmission attains
identical values as during the increase of the intensity.
Still, no strong PL is observed (see lower panel of Fig. 2b),
and no laser-induced damage is found in the post-mortem
microscopy.

At I, = 0.18 TW cm~2 the same behavior is observed
in the transmission measurement only with a stronger
loss of transmission at higher pulse intensities (see upper
panel of Fig. 2c). In the PL measurement, however, a pro-
nounced PL peak is now detected at 650 nm (~1.9 eV)

when the peak pulse intensity exceeds ~0.15 TW cm™2.
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The spectrally-integrated PL yield as a function of the
near-infrared peak pulse intensity is shown in the lower
panel of Fig. 2¢ and exhibits a nonlinear increase. With
the help of optical microscopy, a damaged region (see
upper panel of Fig. 2¢) of (~ 10pm diameter) is observed
in the irradiated area. The observed damage in the micro-
scope image only causes a drop in transmission of the
illuminating source of a few percent which is seemingly
not detectable with direct transmission measurement using
the pulsed laser source. The PL signal, on the other hand,
evidently serves as a much more sensitive probe for the
onset of laser-induced damage.

At the highest turn-around peak pulse intensity of
0.28 TW cm~? (see Fig. 2d), the transmission drops to
approximately 0.7. At the same time, a non-vanishing differ-
ence emerges between the transmission curves for increasing
and decreasing peak pulse intensity. Notably, at intensities
close to I,,;, the transmission does not return to its initial
value, indicating the presence of a permanent modification
of the sample that affects its transmission even in the linear
interaction regime (i.e. laser-induced damage as also sup-
ported by the microscope image in the inset of Fig. 2d). The
loss of transmission is in part driven by strong scattering
from the damaged region, causing less light to be collected
by the collimating lens (L2 in Fig. 1a).

While in the case of 1,,,,, =0.09 TW cm™? the light-matter
interaction is solely linear and no energy is transferred from
the laser field to the sample, the excitation due to SFE and
CE is sufficient to induce a significant energy absorption
of the fundamental field at 1, =0.15 TW cm™2. In fact,
the observed loss of transmission can be fully attributed to
absorption and not increased reflectivity or scattering as was
ensured by the underdense plasma and a sufficiently large
detector size. Note that at I,,,, =0.15 TW c¢cm™2 no PL or
laser-induced damage is observed. The onset of transmission
losses without the emission of a detectable PL signal (see
Fig. 2b) can be interpreted as a marker of a non-destruc-
tive but ionizing interaction regime. The onset of the PL
emission, together with the identification of laser-induced
damage in the irradiated region by optical microscopy at a
peak pulse intensity of 0.18 TW cm™2, indicate a correla-
tion between the evolution of the NBOHC signal and the
appearance of a damaged region. Finally, the emergence of
a difference between the two transmission curves at /., =
0.28 TW cm™2 (as observed in Fig. 2d) can be partially attrib-
uted to a lowered excitation threshold due to the presence of
photo-induced defects [29] and to scattering of the incoming
laser radiation from the previously damaged region. In the
present investigation, post-mortem microscopic investiga-
tions reveal unambiguous morphologies of laser-induced
damage in all spots where 1, is sufficient to generate a
detectable NBOHC PL signal, even when no substantial
difference between the forward and backward transmission
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curves is observed. This confirms the conclusion drawn in
Ref. [29] that the memory effect, leading to differences and a
shift in the excitation threshold, is intimately associated with
the onset of laser-induced breakdown. However, it appears
that the onset of a PL signal attributed to photoinduced
NBOHC:s (see Fig. 2¢) serves as a more sensitive probe for
the initiation of laser-induced damage in bulk SiO, than the
characterization of the nonlinear losses.

Thus, by using the three experimental methods (trans-
mission, PL. and post-mortem microscopic investigations),
we can determine four different interaction regimes that are
summarized in Fig. 2a—d. The linear interaction regime is
characterized by a constant transmission, no detectable PL
signal, and no visible damage (see Fig. 2a). The non-destruc-
tive interaction regime where nonlinear excitation mecha-
nisms lead to the formation of an electron—hole plasma is
characterized by a drop in transmission without the presence
of a PL signal (see Fig. 2b). Furthermore, the analysis of
Fig. 2c, d reveals the existence of two distinct regimes of
permanent laser-induced damage. The first regime is char-
acterized by a reversible alteration of the sample’s transmis-
sion, indicating that the irradiation product is a pure phase
object (i.e. a Type I modification, see Fig. 2c). In the sec-
ond interaction mode (Type II modification, see Fig. 2d),
the presence of laser-induced damage has dramatic conse-
quences on the final transmission.

4 Numerical simulations

To further substantiate our interpretation and study the influ-
ence of photo-induced defects on the transmission, we per-
formed numerical simulations based on a widely-used single
rate equation for the population of the conduction band (see
e.g. Refs. [10, 12, 25, 27, 36]). We emphasize that for a suf-
ficient numerical treatment of the experimental conditions, a
propagation model including self-focusing, plasma defocus-
ing, and excitation such as the nonlinear Schrédinger equa-
tion [37] would be necessary. This, however, is beyond the
scope of this paper. Instead, we gain insights into the influ-
ence of photo-induced defects from a simplified model by
assuming a constant density of electrons through the depth
of the sample. In the numerical model, the conduction-band-
electron density dynamics p(¢) is estimated with the help of
a single rate equation given by

dp()

o Pgpp(0) + Feg() (D

where I'qpp(#) denotes the SFE rate and I'cg(f) the CE
rate. Here we employ the Keldysh model [8] to esti-

mate the SFE rate, while the carrier excitation dynamics
resulting from CE are simulated using a modified Drude
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model where the excitation probability is computed via
Lep(® = op(H)I(t)/E,; With the absorption cross-section o
given by [38, 39]:

kywyT,

’ népcrit(l + a)(z)rf,). @)
Here k, = |k| represents the magnitude of the wave vec-
tor and 7, denotes the density-dependent electron—electron
collision time [38]. Furthermore, the critical energy E,;
is defined via E; = E [l + (1/2y%)] with the adiabatic
Keldysh parameter y and p_;; corresponds to the critical elec-
tron density p; = €ym*w; /e with effective electron mass
m*, central laser frequency @, and dielectric constant ¢,.

Following the interaction of the intense ultrashort laser
pulse with the SiO, sample, the population of the conduction
band relaxes, leading to the possible formation and popula-
tion of excitons or related intergap levels. Various models
incorporating deep and shallow trap/defect levels exist in the
literature [27, 40, 41]. However, the exact energy levels,
relaxation probabilities from excited states into the distinct
intergap states and the maximum population within these
levels are essentially unknown. In our simulations we con-
sider only one intergap level (Il?EF =4 eV) meant to simulate
NBOHC:s. The initial population of the defect level ppgp is
chosen as the maximum conduction-band-electron density
reached during the interaction of the laser pulse with the
pristine material. To account for the limited number of states
in the defect level, we limit ppgp to 1 X 10'8 cm™3. The den-
sity of electrons residing in the defect level at a time ¢ is
denoted as py,, (7). Thus, the modified rate equation, which
takes into account the excitation from defect levels and the
depopulation of the defect state, can be expressed as
follows:

op(1)
=, = Dsre() + Teg® + T (0. 3)
Here the photoexcitation rate from the defect level is deter-

mined by

C)

Prrap(t)
trap __ ypotrap p
T () =T (t)(l— >

PDEF

with T; ¥ (¢) being the Keldysh photoexcitation rate for an
ionization potential of II?EF. An illustration of the numerical
model is depicted in Fig. 3(i).

Numerical solutions of Egs. 1 and 3 are shown in Fig. 3.
We used the same laser parameters as in the experiment (z =
280 fs, 4 =1030 nm) and the material properties for fused
silica (bandgap E, =7.8 eV, linear refractive index ny = 1.45
and reduced electron mass m* = 0.635 m, [39, 42] with elec-
tron mass m,). It should be noted that the intensities used in
the simulation are much larger than those reported in the
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Fig.3 (i): Illustration of the physical picture underlying the numeri-
cal model. Electrons can be excited through SFE either from the
valence band (VB) to the conduction band (CB) or from the trap level
(Trap) to the CB. Energetic CB electrons can undergo collisional
excitation. (ii): Numerical simulations of the population transfer to
the conduction band with and without the inclusion of excitation from
an intergap defect level for a 1030 nm laser pulse with a pulse dura-
tion of 280 fs. a, b Peak intensity 6 TW c¢cm™2, ¢, d peak intensity
11.9 TW cm™2. The thick gray line in all figures marks the intensity
envelope on an arbitrary scale, and the orange line shows the density
of electrons trapped in defect levels (py,,) as a function of time. The
solid blue lines in (b) and (d) show the conduction-band-electron
density with the inclusion of defects, while the dashed green line is
calculated for a pristine sample in the absence of defects

experimental results because these do not account for the
significant increase in intensity due to self-focusing, as can
also observed directly by comparing the size of the laser
damage seen in optical microscopy (see Fig. 2c, d) to the
spot size of 88um. Numerical results obtained at a mod-
erate peak intensity of 6 TW cm™2 are shown in Fig. 3a,
b. Figure 3a depicts the SFE rates ['gpg(?) (red dash-dotted
line) and F]S)lfg () (green solid line) together with the normal-
ized population of the defect state (yellow dashed line) and
the temporal intensity envelope of the driving laser pulse
(thick gray line). Notably, due to the much lower ionization
potential, the defect-to-conduction band population transfer
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occurs during the leading edge of the pulse and leads to a
rapid depopulation of the defect level, hence providing seed
carriers for subsequent processes at very early times dur-
ing the interaction. The drop in the SFE rate at the peak of
the pulse in Fig. 3a is due to the non-monotonous nature of
the cycle-averaged Keldysh excitation rate as a function of
the electric field amplitude. Figure 3b, d show the resulting
dynamics of the conduction-band-electron density (see solid
blue and dash-dotted green line) together with the popula-
tion change in the defect level (see orange dashed line).

Despite the simplicity of the numerical model, which
does not allow for a quantitative determination of the plasma
formation and the associated nonlinear absorption, the
qualitative trend clearly shows the influence of free carriers
generated from defect intergap levels, as also concluded by
Grojo et al. [27]. Due to the significantly smaller energy gap
between the defect level and the conduction band edge com-
pared to the bandgap, quasi-free carriers are available earlier
during the pulse, facilitating CE to occur for longer times
during the pulse, hence resulting in a higher total plasma
density at the end of the pulse (see Fig. 3d).

To calculate the transmission through the sample based
on the numerical simulations presented in Fig. 3, it is
assumed that the loss of transmission is entirely dominated
by linear absorption in the Drude plasma. The corresponding
absorption coefficient, denoted as a(¢), can be computed by
the product of the conduction-band-electron density p(f) and
the absorption cross-section ¢. Due to the long focal length
of the focusing lens, which places us within a filamentary
propagation regime [43], we make the assumption of uni-
form excitation as a function of the focusing depth across
the sample. Applying the Beer—Lambert Law to determine
absorption [44], denoted as A(¢), we employ the relationship
A(t) = 1 — exp(—a(t) X Az), where Az represents the interac-
tion length (for our simulations, we set Az =500pm). Con-

sequently, the absorption degree A is determined by the
[ AWI@W)dt

[I(nar ’
of the near-infrared driving pulse.

equation A = with I(f) representing the intensity

1.0
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Fig.4 Numerically calculated normalized transmission of a 1030 nm
ultrashort laser pulse with a FWHM pulse duration of 280 fs in a pris-
tine SiO, sample (red solid line) and in a pre-excited sample with a
populated defect level (blue dashed line)
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Numerical simulations depicting the transmission as a
function of the peak intensity of a pulse with wavelength
and pulse duration corresponding to those used in the experi-
ment are presented in Fig. 4. The numerical results include
a comparison between the transmission of the sample with
photo-induced defects (blue dashed line) and the sample
without defects (red solid line). In the simulation, no signifi-
cant loss of transmission is observed up to peak intensities of
approximately 10 TW cm™2. However, at higher intensities,
the transmission for the pristine sample shows a nonlinear
decrease, reducing the transmission to ~0.5 at the highest
peak intensity of 15 TW cm™2. In the case of the pre-excited
sample, where excitation of electrons from photo-induced
defect states is possible, a much sharper drop in transmis-
sion is observed at a slightly lower threshold. These findings
align with the results presented in Fig. 3(ii), demonstrating
that even a small seed population generated through defect-
to-conduction-band excitation triggers an efficient CE pro-
cess (particularly evident in Fig. 3d). As a consequence,
there is a rapid multiplication of the conduction-band-elec-
tron density, resulting in a sharp decline in transmission that
saturates quickly as the entire laser pulse is depleted during
propagation. The enhanced excitation for longer pulses in
the presence of defects rapidly leads to laser-induced dam-
age, thereby explaining why a regime of excitation without
damage is only found for a narrow intensity range in the
measurements presented in Fig. 2.

5 Conclusion

We have successfully presented an effective experimental
approach to determine the interaction regimes between ultra-
short laser pulses and fused silica. The key principle of our
method involves systematic monitoring of the sample by
progressively increasing and subsequently decreasing the
peak pulse intensity and gradually reaching higher turning
point intensities. By integrating measurements of the trans-
mission, defect PL, and optical microscopy, we obtained
independent indicators for plasma formation, defect for-
mation, and laser-induced damage. Our findings indicate
that the PL signal that we attribute to excited NBOHCs in
fused silica serves as an excellent marker for laser-induced
damage. In contrast, monitoring the transmission during
the pulse intensity increase and decrease did not provide as
intimate insights into the onset of laser-induced damage as
the PL results. However, the onset of nonlinear absorption
in the absence of a PL signal enables the identification of a
non-destructive interaction regime where an electron—hole
plasma is formed due to nonlinear excitation mechanisms.
By gradually changing the turning point intensity, we were
able to locate a narrow intensity window exhibiting clear
nonlinear absorption without the presence of laser-induced
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damage. Consistent with the findings by Grojo et al. [27],
we propose that the observed change in transmission upon
decreasing the pulse intensity after subjecting the sample
to high-intensity laser pulses is attributed to the creation
of intergap defect states, which act as initiators for the con-
secutive nonlinear excitation processes. Through numeri-
cal simulations based on a single-rate equation model, we
demonstrate how the presence of pre-existing defects leads
to the formation of a denser electron—hole plasma, resulting
in reduced transmission and a shift of the excitation thresh-
old to lower peak intensities. Our simulations highlight that
the excitation of conduction-band electrons is governed
primarily by a defect-seeded avalanche excitation mecha-
nism, thereby creating a narrow nonlinear excitation regime
in the absence of damage. Several novel experiments, such
as high-harmonic generation from solids or photoconduc-
tive sampling require the onset of excitation without the
presence of laser-induced damage. The presented method
enables the determination of such a nonlinear interaction
regime in intense light-matter experiments. It is worth noting
that the formation of defects and subsequent PL emission is
not exclusive to fused silica. Therefore, we anticipate that
this method can be extended to other transparent dielectric
materials displaying a pronounced PL response.
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