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Abstract: In this work, the fatigue effect caused by multi-pulse laser irradiation in bulk of
transparent optical medium for ultrashort pulses is investigated. Time-resolved digital holography
is used as a sensitive tool for quantifying changes in material response below single-shot damage
threshold. In case of two investigated fused quartz samples the survivable dose is limited
by increase in the yield of free electrons and self-trapped exciton densities with number of
expositions prior to damage formation. Meanwhile, no change was detected in free electron
plasma for sapphire before multi-pulse damage which lead to nondeterministic damage. It was
estimated that optical damage could form bellow critical plasma density for all samples. The data
on low energy irradiation and damage morphology suggest a strong contribution from defects to
the initiation of multi-pulse optical damage in bulk media.
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1. Introduction

The degradation of optical components is an important problem in laser technology. The growing
capabilities of modern lasers impose ever-more stringent requirements on the optics that have to
withstand the light of extreme parameters: ultrashort pulses, octave-spanning spectra, terawatt
and higher intensities. The limiting values of these parameters are often attempted to capture
using a single number, namely the optical damage threshold. However, the physics of optical
damage turns out to be much more complex than staying away from a clear-cut fluence limit.
One interesting effect is that with the increase in intensity the number of pulses necessary to
trigger multi-pulse damage decreases [1] and the material properties were shown to change
faster [2]. In the worst case scenario, even slight degradation of optical components may lead to
feedback loops resulting in catastrophic damage. This is so called optical fatigue effect. Damage
tends to propagate between the elements driven by diffraction and filamentation therefore even a
single damaged element could cause a collapse of the entire optical powertrain. This means that
complex systems necessary to produce extreme parameters of light are also the most susceptible
to the fatigue effect due to strain on components and their variety. To protect such expensive
systems from failure, it is important to asses not only laser-induced damage threshold but also
fatigue of optical materials that limits the overall service life time of the components and to
understand the mechanisms driving this phenomenon.

Single shot optical damage has been investigated in detail, however there is still no full
picture for the multi-shot case. Fatigue related phenomena were first observed in mid-eighties
and extensive studies have been made into the subject with long duration pulses (>1ns). Two
main mechanisms are thought to be responsible for fatigue in wide bandgap glasses depending
on the wavelength of light being used. At longer wavelengths, where the energy of a photon
(ℏν) is less then the half of the bandgap(Eg) of the material (ℏν<Eg/2), the light degrades the
glass network forming bonds (Si-O-Si in silica glasses) and reduces the intensity threshold the
material can withstand. The correlation between the concentration of bonds and optical damage
threshold were confirmed experimentally [3]. Meanwhile, higher energy photons (ℏν>Eg/2)
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were responsible for the creation of localised colour centers. These in turn increase the refractive
index and promote self-focusing leading to a feedback loop that culminates in damage caused
by accumulation of mechanical stress. This phenomenon was observed in both large band gap
glasses and crystals [4,5]. However, most studies were done with relatively long duration laser
pulses that were commonly available at the time. Unreliable performance of devices producing
shorter light pulses of the time lead to a belief that the cause of multi-pulse damage can be
attributed to inhomogenities of the material or fluctuations in pulse parameters. [6–9].

The development of modern femtosecond laser sources featuring increased stability together
with ongoing research in optical damage threshold were able to confirm the degradation in optical
damage threshold with increasing number of sub-picosecond pulse expositions [10–15]. However,
very few studies have investigated the principles governing the phenomenon for ultrashort pulses
in bulk media, while it is known that the physical properties differ between bulk and surface.
[16,17] On one hand investigations into the intrinsic damage in bulk silica lead to the conclusion
that the intrinsic threshold value is the same between single-shot and multi-shot damage [18].
On the other hand without sufficiently tight focusing conditions to achieve intrinsic damage fused
quartz has been shown to change it’s properties depending on the number of interactions [2].
This same response is the basis for the most prevalent idea in the field that optical fatigue caused
by femtosecond pulses is due to a positive feedback loop involving generation of self-trapped
excitons (STE) and colour centers [13]. In this loop, the light pulse generates free electron plasma,
which relaxes into STE and a fraction of these form colour centers (deep level traps). The traps
with long lifetimes enhance the absorption leading to an increase in the density of free electron
plasma thus forming the feedback. Plasma density reaching a critical point is a commonly used
criterion for optical damage [19] also used in this model. It is important to note that this fatigue
model was developed for fused quartz and does not easily extend to other materials. To address
this issue, a more phenomenological model was proposed for wider application [20]. However,
such approach does not leave any room for accounting of common physical processes between
different materials. Therefore, the goal of the study is to investigate the mechanisms underlying
the fatigue of optical damage threshold in bulk media of different materials, identification of
contributing factors and how it can be interpreted in the framework of the current theory.

Achieving these goals requires direct observation of the phenomenon as well as selection of
suitable time frames to map the transient material response to multiple excitation events. We
employ time-resolved digital holography (TRDH) to observe and measure the interaction of light
and the material at different time frames, how it changes with increasing number of applied laser
pulses, different energy levels and materials. Such collection of quantitative data is a necessary
step towards understanding the laser fatigue in bulk materials and in general. Furthermore, it can
be used to determine the numerical values of otherwise free parameters governing the current
models of optical fatigue.

2. Materials and methods

Pump-probe off-axis time-resolved digital holography [21] was the main tool employed in the
study. The principal architecture of the system can be seen in Fig. 1. The pulses were characterised
using second harmonic scanning autocorrelator "Geco" designed by "Light Conversion". The
fundamental radiation of Yb:KGW laser at 1030 nm central wavelength is used as the pump
with duration 360 fs at full width half maximum (FWHM). The probe is obtained by using a
single-pass noncollinear optical parametric generator. A seed of supercontinuum radiation is
amplified by 343 nm light within BBO crystal to create a pulse with central wavelength of 550
nm that is further compressed down to 35 fs (FWHM).

The excitation is achieved by sharp focusing of the pump beam within the bulk sample using
0.18 NA aspherical lens. The time dependence of laser induced changes in the optical properties
of the sample are investigated by changing delay of the probe pulse with respect to pump pulse.
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Fig. 1. The principle optical scheme of pump-probe time-resolved digital holography
microscopy setup.

This is achieved by translating the retroreflector attached to a mechanical delay line within probe
branch.

Using time-resolved digital holographic approach both amplitude and phase changes of light
transmitted trough laser excited zone of the sample can be measured. The recording of a digital
hologram is realized using a Mach-Zehnder interferometer. The probe light is first expanded
to fill a 25 mm diameter lens with a focal distance of 75 mm and then focused past the first
non-polarising beamsplitter resulting in focal spots in each of the interferometer arms. The light
in the object branch passes trough the excited volume of the sample which is imaged via 20x 0.4
NA infinity-corrected microscope objective and 200 mm focusing lens onto CCD2. This light is
split by the second beamsplitter before it passes through the imaging lens and a fraction of it
reaches CCD1. Here it interferes with the light from the reference branch which is reflected by the
same beamsplitter. By interfering object and reference beams the information on both amplitude
and phase of the distortion is recorded on CCD1. To minimize the optical path and dispersion
difference, sample of same material and size as well as microscope objective is placed in the
reference branch. In order to obtain the wide field of interference in off-axis holography setup
with short pulses, it is necessary to tilt the pulse front to match the angle of intersection of the
two beams. The tilted front pulse is achieved by using a 30◦ fused quartz prism in the reference
branch. The recorded hologram is used to numerically reconstruct the phase and amplitude as it
is seen on CCD1. In this way 20 mrad phase noise (at the level of two standard deviations) in
a single-shot experiment was achieved. This error can be further reduced by averaging of the
digital holograms. The system was also able to resolve lines of USDF 1951 target less then 2 um
in diameter while the temporal resolution of 35 fs was limited by the duration of the probe pulse.

In real world applications, it may take months or more to observe the phenomenon of optical
fatigue depending on the repetition rate, intensity of light, workload of the equipment and similar
factors. However, this is unfeasible in laboratory setting. Therefore, the minimal energy that is
capable of producing optical damage within a number of pulses achievable on the time scale of
tens of minutes was chosen as a proxy to mimic multi-pulse fatigue phenomenon. In this case the
highest practical number of pulses was 2500. The suitable energy intervals for each sample were
found using transmission images while changing the energy of the pump pulse and monitoring
the affected volume.

In order to optimise the observation of material response to multiple shots the following
measurement algorithm was devised. Due to the limited acquisition rate of the cameras the
frequency of the laser was set to 20 Hz using a pulse picker. Every second shot was recorded
on the cameras. Before starting the exposure sequence, a hologram of undisturbed sample was
recorded and used as a reference in subsequent steps. Next, the desired pulse energy and time
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delay are set. The acquisition of excitation holograms starts when the mechanical pump shutter
is opened. A desired number of photos are obtained and averaged into the final digital hologram.
Using numerical reconstruction algorithm described in Ref. [22], the numerical values of phase
and amplitude maps are calculated for the given number of expositions. The pump shutter is then
closed shut and a new intermediate hologram is recorded to be used as the new reference. The
cycle continues until optical damage is observed. At that point the sample is moved to a new
position and a experimental sequence starts a new.

The experimental conditions are summarised in the Table 1. The duration of the pulses were
measured using a second harmonic autocorrelator (Geco, Light Conversion) while prechirping
the probe pulse to account for the sample dispersion as the volume excited by the pump is several
hundred micrometers from the exit surface for the probe. To avoid the interference from sample
edge, the position of the excitation volume was set to 500± 50µm behind the entry surface of the
pump pulse. The diameter of the pump was measured using imaging microscope with NA 0.4
and tube lens resulting in 19.2x magnification and a CCD camera. It was later used to evaluate
the radius by fitting a two dimensional Gaussian profile. Two UVFS samples were chosen due to
how well known the material is and how commonly it is used for transmission optics. These two
samples are both from the same supplier (Altechna, Lithuania) and are produced by the same
manufacturer(Corning 7980 0F). The main difference is time of acquisition indicating different
batches. UVFS1 was obtained in the year 2013 meanwhile UVFS2 was obtained in the year 2020.
To illustrate differences and similarities sapphire was chosen as a crystalline counterpart to the
amorphous fused quartz. Sapphire sample was received from a different supplier (Eksma Optics,
Lithuania) in 2021. The orientation of sapphire lattice is such that the optical axis perpendicular
to both pump and probe pulses and parallel to the direction of polarization.

Table 1. Summary of exact experimental conditions.

Material Dimensions tFWHM , pump we−2 , pump tFWHM , probe

UVFS1 4x10x20mm 352fs 2.84µm 55fs

UVFS2 5x20x40mm 360fs 2.85µm 37fs

Sapphire 2x5x20mm 375fs 2.83µm 36fs

Fig. 2. The comparison between the absorption spectra of UVFS1 and UVFS2 samples.
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To see if there are any fundamental differences between the fused quartz samples and their
purity the absorption spectra in the range of 190-3000 nm was measured. The obtained spectra
in the range 190-2400 nm is shown in Fig. 2 (their differences will be further discussed below).

3. Experiment results

The first step was to measure the response of material during the excitation and to see if there are
any significant changes in material response prior to damage. For fatigue studies the optimal time
delay choice was necessary. Therefore the temporal evolution of light and material interaction for
each sample was done. The phase maps for UVFS2 depicting the material response at different
delay times are shown in Fig. 3. All the pictures in this work illustrating the zone of interest are
oriented so that the direction of pulse propagation is up.

Fig. 3. The spatial material response in radians to low intensity (0.46µJ) pump pulse in
UVFS2 sample at different time delays. Initial negative phase shift - optical Kerr effect is
followed by free electron plasma (localised positive phase shift) and STE (localised negative
phase shift).

The sequence begins with the propagation of light that results in the increase of refractive
index due to optical Kerr effect. Observed as a negative phase shift. When the irradiation reaches
the close proximity of focal point, the nonlinear absorption and avalanche ionization starts. This
results in creation of free electron plasma. The electron plasma decreases the refractive index
and therefore it is visible as positive phase change. This plasma has a short life time of 170 fs
[23] in fused quartz due to inherent relaxation via STE. The excitons can create both positive or
negative refractive index changes depending on the probe wavelength but in this experiment they
exhibit the increase in refractive index and therefore can also be observed as negative phase shift.

The primary interest of the study lies in the change of the material response as a function on
the number of pulses received prior to optical damage. Multiple delay times were investigated.
The first one - zero delay - indicating the moment of maximum overlap between optical Kerr
effect and the area of focal spot. In this time frame, there is no observable changes in the response
to increasing number of pulses indicating that no significant material modification takes place in
the volume prior to focal point before optical breakdown. This suggests that there is no change in
focusing conditions and it should not play a role in optical damage formation. The other two
time frames were determined by the maximum observable free electron plasma and self-trapped
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exciton signal values at low incident energy pulses in fused quartz samples. The response of
free electron plasma is investigated at the time delay of 300 fs and excitons at that of 1100 fs
for both UVFS samples. It must be noted that these values are only applicable to low energy
pump pulses because at higher energies it is limited by increased temporal overlap between the
three contributing phenomena. In sapphire, self-trapped excitons are not observed using digital
holography. The life time of plasma is long in comparison to fused quartz, and temporal overlap
with Kerr effect can be easily avoided. Due to negligible relaxation, the response of free electron
plasma at 2 ps delay time was investigated.

The next step was to observe optical damage due to fatigue. Transmission images of damage
were obtained by subtracting the initial transmission photo (unexposed sample) from the photo
of damage taken several seconds after the excitation by the laser pulse. Typical photos indicating
the damage morphology for each material are shown in Fig. 4. The dimensionless number on the
bottom left of the photo indicates the accumulated pulses in the site when the photo is taken. The
accumulated pulses in subsequent pictures are indicated in a similar fashion. It can be seen that
for all the investigated materials the damage initiates as a small dot with the dimensions smaller
then the resolution limit of the system imaged as as a blurred circle of reduced transmission
indicated by darker colour in transmission photos. It then grows in size and intensity with
increase in number of applied pulses. Interestingly enough, at higher pump energy less pulses
are needed to trigger apparent damage and for UVFS2 the damage morphology changes. It starts
as refractive index modification, observed as a darker cylinder in the fourth panel. While, this
effect appears as absorption, the light is actually refracted to the sides which can be verified
by integrating the change in transmission over the field of view. Due to redistribution of light,
the integral of transmission is equal to one. It was also observed that subsequent pulses will
fragment the modification seen in UVFS2 into multiple damage points as seen in the last picture.

Fig. 4. Normalised transmission photos of initial modifications 2 seconds after exposure:
sapphire (0.85 µJ), UVFS1(0.79 µJ), UVFS2(0.42 µJ) at low energy and UVFS2(0.5 µJ) at
high energy.

3.1. Fused quartz

Figure 5 displays the relationship between the pulse energy and the number of pulses required
to observe the modification of fused quartz samples. The damage is deterministic in nature as
damage probability sharply rises from zero to one with increase in incident energy for 2500
on 1 damage test. The post mortem photos of the affected volume were normalised against the
reference photo to increase the sensitivity of the approach. This way changes in transmission
as small as 1% could be identified as modification. This limit was imposed by the background
transmission noise with a standard deviation of 0.3 %. Interestingly, while both damage and
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increase in refractive index modification can be observed in UVFS2 sample, no refractive index
change prior to damage can be seen for UVFS1. A clear trend in both samples is that with
increase in energy the dose necessary for damage becomes more strictly defined.

Fig. 5. Pulses required to induce apparent change (either modification or damage) versus
applied laser pulse energy. No damage was observed at 2500 pulses with 0.749 µJ(UVFS1)
and 0.403 µJ(UVFS2)

In case of UVFS1 sample, the dose necessary for damage seems to be less deterministic similar
to UVFS2 at low energies. The variance in the number of pulses required to produce damage
increases as the pump energy decreases. The damage initially appears as a negative phase shift
corresponding to higher refractive index with value close to the noise limit. In transmission
mode, shown in Fig. 4, it looks like a blur with the dimensions smaller than the diffraction limit
of the current setup. As the pulses accumulate, the region with the increased refractive index
grows and slowly translates in the direction opposite to the propagation of the beam. The negative
phase shift becomes positive with further exposure. According to the data presented in [24], the
pumping conditions used in this work are in range for void formation, which could explain why
the final damage is registered as a decrease in the refractive index. Looking at the formation
and the morphology of these damage points it can be seen that the origin overlaps the region of
electron plasma generation. However, the exact position within this volume is not strictly defined.
The position of the origin changes when the sample is translated. The coordinate along the axis
of propagation across the observed zone of excitation ( 25 µm in length at 0.82 µJ) differ by up
to 10 µm. This indicates that the damage origin could depend on the local quality of the material
or the presence of intrinsic defects and may not coincide with the peak excitation.

The damage morphology, if compared at the same energy levels, seems to differ in between the
two UVFS samples. The UVFS2 sample exhibits a more deterministic modification mechanism -
slowly changing properties throughout the excited region and at significantly lower input energy
values. In case of UVFS2, the modification of the material starts as a soft localised reduction in
refractive index supported by phase shift data and normalised transmission integral equating to
unity. After sufficient number of excitation events, this structure collapses into several damage
points. However, the collapse is only observed at higher excitation pulse energies (E>0.5µJ). In
contrast, below the interaction bellow 0.5µJ the nondeterministic mechanism starts dominating
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and the optical damage appears before significant refractive index change is observed. In this
case, the damage formation is similar to that of UVFS1 sample.

According to the spectra shown in Fig. 2 the absorption in the UV-visible region is nearly
identical. The main difference between the samples is in the peaks corresponding to the OH-
groups [25]. It is significantly more pronounced in UVFS2 sample, with 1.5 increase in intensity.
It is interesting to note that typically, OH- groups are introduced in quartz based fibers to improve
their parameters in the UV range (reduced minimum absorption wavelength) [26]. On one hand,
this should reduce the probability of multiphoton ionization. On the other hand, OH- ions are
known to be precursors to the non bridging oxygen hole center (NBOHC, ≡Si-O·) [27], which
could be an important factor in our experiments. As is shown that UVFS2, the sample exhibiting
higher OH- concentration, produces significantly more free electron plasma and STE than UVFS1
at the same incident energy.

Figure 6 depicts how the phase shift due to free-electron plasma changes as a function of
the number of applied laser pulses. The density of the free electron plasma can be evaluated
using Drude model and extrapolating the two dimensional phase shift map to three dimensional
phase shift distribution as described in Ref. [28]. However, not to underestimate the density,
the relaxation of free electron plasma must also be considered. The pump pulse duration is
360 fs and is longer than the characteristic time of free-electron plasma relaxation in UVFS,
which is estimated at 170 fs [23]. The time delay of the observation is approximately 300 fs
from moment of maximum intensity, and cannot be reduced any further due to overlap between
optical Kerr effect and free electron plasma signals. Assuming the worst case scenario, that
the plasma is not regenerated by the trailing part of the pulse, the peak free electron density
could be at most 4 times higher than the one registered using TRDH. Taking this factor into
account the maximum estimated free electron density value right before the initiation of optical
damage would be 6 · 1019cm−3. This estimated worst case concentration of free electrons is still
well bellow critical density which is believed to be in the vicinity of 1.0 · 1021cm−3 - a value
commonly used as a criterion for optical damage [19].

Fig. 6. On the left - phase shift map of free electron plasma in radians induced by 0.783 µJ
pulse at 300 fs delay. On the right - graph of free electron plasma signal a function on the
number of pulses prior to catastrophic damage in UVFS1.

At low energies, UVFS2 exhibits free electron plasma induced response similar to UVFS1.
However, with increase in pump energy or number of pulses, the signal of electron plasma
quickly begins to overlap with the signal of self-trapped excitons. This prevents us from correctly
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evaluating the electron density before optical damage for UVFS2 sample. It is unclear whether the
accumulation effects change the dynamics of electron relaxation or this change is caused by the
increase in value of self-trapped exciton density. However, this did not impact the measurements
of STE signal. Figure 7 shows the dependence of phase shift due to self-trapped excitons in
UVFS1 and UVFS2 as a function of the number of incident pulses at different excitation energies.
The exciton signal seems to follow the free electron plasma signal at low energies, growing
with increasing number of pulses. The spatial distribution of excitons seems to be more narrow
than that of electron plasma. This indicates that there is a nonlinear relationship between the
free electron density and self-trapped excitons. It can also be seen that in UVFS2 for higher
incident energies the peak phase shift seems to saturate right before the damage occurs. By
comparing the response at different incident energy pulses it can be observed that the maximum
density of self-trapped exciton is not reached. Higher energy pulses result in larger density values.
Furthermore, the analysis of the phase shift maps at different number of pulses shows that the
distribution of excitons elongates in the direction opposite to pump propagation. This means
that the absorbing volume grows and shifts closer to the surface of the sample and less energy
reaches the deeper sections. In other words, multiple pulses enhance intensity clamping by
increasing absorption in larger volume. Intensity clamping could be responsible for the saturation
of exciton signal. In turn this implies saturation of free electron plasma density, assuming that the
relation between electron plasma and self-trapped exciton density is analogous to that observed
in UVFS1. This indicates that the formation of damage is not directly connected to free electron
plasma density but perhaps is more closely related to the phenomena observed when using
nanosecond pulses. Nonlinear absorption can create high energy electron plasma that has a
similar ionizing effect as high energy photons. This could lead to generation of colour centers.
Color center-induced stress could exceeded the mechanical strength of the material leading to
optical damage. This could explain the formation of the observed refractive index modification
and subsequent fragmentation.

3.2. Sapphire

The defining trait of nondeterministic damage is that step function cannot be used to approximate
the damage probability in energy space and that smooth increase in probability is observed. The
probability of optical damage in this experiment was calculated by taking the total number of
sites and using it to divide the number of damage event of same energy. It can be seen in Fig. 8,
how with increase in energy the probability of damage increases and the average dose needed
to observe the optical damage decreases. This data supports that in sapphire, the damage is
strongly nondeterministic and shows a stark contrast to the case of UVFS where the number of
pulses required to trigger damage shows a clear asymptotic growth with decrease in energy. The
probabilistic nature is evident even at the highest investigated energies there are positions where
no damage was observed even with maximum investigated dose. Furthermore, the position of
the damage origin also changes up to 15 µm along the length of the excited zone and does not
necessary coincide with the peak electron signal. This indicates defect driven damage as a main
factor limiting lifetime of sapphire. The initiation of the damage is similar to that observed in
fused quartz at low energies - it starts as point source and then grows in the opposite direction
to the propagation of the pulse. Judging by the significant phase distortion and shape it seems
like the mechanism of expansion is different, data is pointing towards cracking. This can be
related to the higher hardness and brittleness of sapphire as opposed to glass. Alternatively, it
may be caused by the crystalline structure of sapphire, as opposed to amorphous fused silica. A
systematic study involving more materials and including crystalline quartz could help to answer
this question.

The typical phase shift images recorded in sapphire are shown in Fig. 9. The data shows
no measurable difference between the response of the initial excitation and the one before the
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Fig. 7. a) STE signal vs the number of pulses prior to optical catastrophic damage in quartz
samples, measured at the position of damage initiation. b) Phase shift map illustrating STE
distribution at 1.1 ps delay at various number of pulses. c) Changes in permanent optical
modification with further exposure observed 2 s after light matter interaction.
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Fig. 8. The damage events (red dots), no observable damage (green dots) and damage
probability for 1200-on-1 test in sapphire sample as a function of incident energy.

catastrophic damage. No spikes that would indicated local increase in electron plasma density
were observed. The peak density increases slightly with higher incident pulse energy, likely due
to intensity clamping effect. This is supported by growth of observed plasma volume: excited
zone is 1.5 longer at 1.33 than at 0.6µJ. The estimated peak density of electron plasma prior to
optical damage formation varies in the range: 1.3 − 2.4 · 1020cm−3 depending on pump intensity.
The lack of any feedback loop can be the explanation for the high variance in the dose necessary
to observe damage. With fused quartz the maximum number of pulses that the material can
survive is limited by the increase in absorbed energy. Meanwhile, in sapphire the lack of such a
mechanism means the material response does not change and therefore it can survive numerous
exposures unless there is intrinsic weakness in the exposed volume. This is the main difference
between the materials - the strong position dependence on damage probability, which can be
explained by the defect densities between the two. This may arise from the natural differences
between amorphous material and crystal lattice structure. Damage morphology together with the
nondeterministic nature of the damage at low energies in all the samples suggest that defects
play a significant role in multi-pulse optical damage even with ultrashort pulses. A larger
study of optical fatigue involving a number crystalline and amorphous materials could provide
additional insight in the role of material homogeneity (crystalline versus amorphous phase) in
the pheonomena of optical fatigue and damage.
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Fig. 9. Left - optical damage formation in sapphire(1.33 µJ). Right - preceding free electron
plasma distribution including optical damage caused distortion in the center at 2 ps delay.

4. Conclusions

Distinct morphologies of initial damage and the differences in material response reinforces the
existence of several mechanisms behind multi-pulse damage formation in bulk media in ultrashort
pulse range. Experiments in bulk fused quartz confirm charge carriers and self-trapped excitons
both play a role in multi-pulse damage formation. The increase in the signal with repeated
exposures illustrates the increase in deposited energy and contributes to the more deterministic
nature of optical damage for higher energies. Importantly, critical electron plasma density can not
be used as a criterion to determine optical multi-pulse damage in bulk media: the formation of
damage is observed at plasma densities orders of magnitude below critical value. The variance in
number of pulses necessary to trigger damage increases in all the investigated samples, as pulse
energies decrease. In sapphire, damage probability depends mostly on the irradiated sample spot.
This may be due to lower density of defects in the crystalline lattice. All of this suggest defect
driven damage despite the ultrafast regime.
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