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ABSTRACT We present results describing several characteris-
tics of energy coupling into dielectric materials (fused silica)
irradiated by ultrashort laser pulses in a regime close to the sur-
face optical breakdown threshold. The results intend to illustrate
the energy balance in the interaction process by observing the
spatio-temporal variations of a laser pulse transversing a dielec-
tric slab as a function of its energy. The measurements are based
on real-time observations of the self-action of the laser pulse
and associated effects on its temporal envelope, as well as on
ex-situ phase-contrast microscopy of induced permanent ma-
terial reactions. The experimental results are accompanied by
numerical simulations of the pulse traces inside the dielectric
material at different energetic conditions. The optical observa-
tions allow insights into the development and the dynamics of
the laser-induced free carrier population, emphasizing the role
of the bulk effects related to the nonlinear wave propagation into
the transparent material during laser exposure.

PACS 79.20.Ds; 52.50.Jm

1 Introduction

In the context of increasing industrial demand for
high-precision microfabrication, laser-induced modification
and photoinscription of transparent materials open up inter-
esting perspectives for emerging photonic applications. The
aim of controlling light transport in optical systems for per-
forming specific photonic functions has imposed general ten-
dencies of manipulating optical properties in passive and ac-
tive optical materials. Within this framework, ultrafast laser
micro- and nanostructuring of surfaces, as well as direct writ-
ing of embedded bulk guiding structures was successfully
demonstrated in designed materials [1—-16] of interest for op-
tical and photonic technologies. The outcome of the laser
action on the material depends essentially on the nature of
the substance and on the character of excitation, and may
result in specific electronic and structural changes associ-
ated with either increasing or decreasing the refractive index
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under light exposure [17-21]. Usually, the remnant refrac-
tive index modification at laser intensities below catastrophic
damage is associated with bond-breaking and atomic dis-
placements in interstitial regions, resulting in changes in dens-
ity, accumulation of stress, or the appearance of color cen-
ters [17-20, 22-24]. For surface interactions, the highly non-
linear excitation restricts the energy to adjacent sub-surface
regions. A high surface energy concentration yields a series
of material phase transitions, culminating with material abla-
tion and particle removal. The characteristics of energy coup-
ling have important consequences for applications such as
in precise structuring of materials. Therefore, controlling the
interaction process and mastering the induced modifications
requires extensive knowledge of the nature of the light-matter
interaction and subsequent transformations.

Ultrafast lasers are offering additionally improved per-
spectives to explore still not well understood aspects of
laser-induced damage and breakdown of dielectric materials.
A plethora of interrelated processes come together at the point
of material collapse, including nonlinear optical absorption,
multiphoton ionization, electronic collisional multiplication,
phonon emission, and non-equilibrium phenomena related
to overcritical heating. The fast absorption influences finite
and localized amounts of material, controlled only by the
material-specific energy relaxation range. The subsequent
energy localization defines the extension and the nature of
the interaction. A comprehensive summary of laser-induced
processes in defect-free dielectric materials can be found in
a recent review [25]. The destruction of dielectric materi-
als under ultrafast irradiation is usually explained in terms
of nonlinear plasma generation [26,27] pushing the initially
transparent material into a highly absorbing state. Further en-
ergy absorption in the supercritical free electron gas leads
to an irremediable transformation of the material, although,
beneath this threshold, persistent modifications can still be
observed [28,29]. Whenever volume excitation is involved,
implying light propagation in bulk materials, temporal and
spatial effects are strongly interrelated through the nonlinear
response of the medium. Bulk excitation processes are in-
herently related to light wave propagation and self-action of
the laser pulse. Consequently, instantaneous light channeling
inside the material establishes the local intensity on the propa-
gation axis and, therefore, determines the dominant processes.
Time-resolved optical observations on the development of
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the laser-induced free-electron gas and plasma dynamics dur-
ing the laser exposure of surface and bulk regions have the
potential to reveal partly the nature of interaction and the
fundamental characteristics of the laser energy coupling into
the material. Using a dual experimental and theoretical ap-
proach, we emphasize in this work the process dynamics
during the excitation sequence. Several aspects of the interac-
tion play a role in establishing the energetical balance of the
processes involved. This study is concerned with the develop-
ment and localization of energy-loss sources, correlated with
the regions and moments of maximum energy deposition. In
addition, we are interested in clarifying the role of bulk effects
while intentionally concentrating the energy at the surface.
The methods employed follow in time and space the evolution
of the laser pulse envelope and the behavior of energy depo-
sition in the material. The experimental facts presented here
add to a recent series of time-resolved investigations on the
evolution of laser-induced fast electron plasmas in dielectric
materials [30—35] which, due to complementary techniques
such as transient absorption and spatial interferometry, al-
lows insights into the development of both real and imaginary
parts of the dielectric function. The additional theoretical
approach, which simulates the nonlinear pulse propagation
and energy deposition inside the dielectric material, includ-
ing the time and space dependencies of the optical properties,
confirms qualitatively the experimental results and delivers
additional information on the development of the excitation
phenomena. The results advocate the possibility to implement
user-designed laser pulses [36, 37] that will optimize the bal-
ance between different absorption channels and introduce the
opportunity to regulate and manipulate excitation and energy
transfer with respect to optimal structuring.

The article is organized as follows. The experimental sec-
tion presents the experimental concepts and rationale used
in performing the pulse characterization after the interaction
with the dielectric fused silica samples. The theoretical sec-
tion provides insights into the nonlinear pulse propagation
inside an excited dielectric medium and delivers predictions
with respect to the spatio-temporal energy deposition process.
The results and discussion section compares the experimental
and theoretical observations, analyzing various aspects of the
energy coupling into the transparent material, and providing
plausible explanations for the observed phenomena. The pa-
per concludes by discussing the relevance of the results in the
context of ultrashort pulse laser interaction with transparent
materials.

2 Experiment

Thin fused silica (a-SiO,) plan-parallel plates with
thickness of 50 um and 250 pm, polished on the front and
on the rear surfaces, were irradiated at atmospheric pressure
with 180 fs pulses delivered by an 800 nm Ti:sapphire ultra-
fast oscillator-amplifier laser system providing 0.6 mJ max-
imum energy per pulse at a nominal repetition rate of 100 Hz.
The experimental irradiation setup is depicted in Fig. 1. The
sample holder is located in one arm of a Mach—Zender inter-
ferometer. The laser beam is focused onto the sample surface
at normal incidence with best-form fused silica lenses (fo-
cal distance F = 50mm for the 250 wm thick sample and
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FIGURE 1 Experimental setup and principles employed for pulse

characterization

F =25mm for the 50 um thick samples unless otherwise
mentioned) down to a spot size of ~ 450 jum? and ~ 105 um?,
respectively. The beam is then recollimated after the sample
with a symmetrically-situated lens (with respect to the target
surface) which forms a1 : 1 telescope. The telescopic arrange-
ment includes the dielectric sample located in the Fourier
plane. In both cases the confocal parameter is slightly higher
than the thickness of the sample, so that, in a rough approx-
imation, a parallel beam incident at sample position may be
assumed. The sample is continuously translated during irradi-
ation with the effect that each excitation sequence illuminates
a fresh spot on the surface. The laser pulse energy is varied
using a combination of a half-wave plate and a thin film polar-
izer. After being focused on the sample surface, the transmit-
ted “signal” beam is recollimated and then cross-correlated
with a reference beam deflected from the incident beam prior
to excitation. The non-collinear, background-free correlation
of the incident and the reference beams occurs in a 0.5 mm
thick BBO frequency-doubling crystal and the resulting cor-
relation optical signal at 400 nm wavelength is recorded with
a biased amplified photodiode. No spatial apertures are used
for the signal beam so that the incident beam waist may vary
inside the frequency-mixing crystal to a certain extent ac-
cording to the intensity-dependent pulse propagation in the
dielectric sample and within the telescope. Self-focusing of
the signal beam, multiple focuses, or other spatio-temporal ef-
fects, spatially shifted from the geometrical focus of the tele-
scope, may thus influence the radial extent and the divergence
of the signal beam inside the nonlinear crystal. The reference
beam is apertured so that its radial profile after focusing in-
side the nonlinear crystal fills in a larger area and exceeds
the spatial profile of the signal beam at the overlapping point
in the frequency-doubling crystal in an attempt to minimize
and average the influence caused by spatial fluctuations of
the incident signal beam. An additional band-pass filter cen-
tered at 800 nm was inserted into the beam path to minimize
eventual incoherent plasma emission. This particular correla-
tion geometry will be called below the quasi-autocorrelation
mode. In this case, the incident beam contains only a single
pulse which is then divided by a beam splitter located be-
fore the sample holder. The main part is used to excite the
sample and afterwards it is guided into the Mach—Zender in-
terferometer to be quasi-autocorrelated with the previously
removed part, i.e., with an initially identical pulse which has
not suffered any depletion due to sample excitation. Sample
irradiation was performed at different input energy levels so
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that both pre-breakdown and dielectric breakdown regimes
are investigated.

3 Theoretical description

To determine the excitation and energy deposition
profiles in the subsurface regions, numerical simulation on
the laser pulse propagation inside the transparent material was
performed by solving the 3+ 1 dimensional nonlinear opti-
cal Schrédinger equation that includes an additional plasma
generation term. We have chosen this approach since bulk
nonlinear excitation may contribute significantly to the over-
all optical properties of the regions crossed by the laser pulse
even at relatively low input fluences, which goes beyond the
results given by applying Fresnel formulas to surface exci-
tation at the dielectric—vacuum interface. Even though the
laser pulse is focused on the surface, accounting numerically
for the additional bulk effects, including propagation, will
give a more accurate description of the transversing probe
and of the overall complex energy balance during the irradi-
ation process. The theoretical approach yields results related
to the formation and the spatial extent of the electron plasma
in the initially transparent material and also observations on
the significance of the self-inflicted effects generated by exci-
tation events during propagation: self-focusing, de-focusing,
phase modulation, diffraction, self-absorption, and scattering.
Nonlinear ultrafast pulse propagation in fused silica is de-
scribed in this article using a numerical code similar to the
approach presented in [38—42]. Though the model has been
used in several works [38—42], a more exhaustive presenta-
tion of the main assumptions may facilitate the understand-
ing of the spatio-temporal developments. A linearly polarized
beam with cylindrical symmetry with respect to the propa-
gation axis is described by the envelope E of the electric
field E = Re [ E exp (ikoz — iwot)]. Here ko and oy are the
wavenumber and, respectively, the frequency of the carrier
wave. The input laser pulse has a Gaussian temporal and spa-
tial profile [39—41]. Therefore, the complex electric field can
be written as:

— — r2 2 kor?
E(r,t,O):E()eXp —E—?—IF . (1)
L

Here E¢> = 2E;, / wrr /73 /2 is the input intensity, Ej, is the
input laser energy, while 7, = 150fs denotes the temporal
half-width of the laser pulse. The input beam has a variable
transverse waist during propagation w = wy (1 4—(12/1?)1/2
where wy is the beam waist at the focus (i.e., at the surface),
zr = mwing /o the Rayleigh range, and f = d +z%/d the cur-
vature of the wave at a distance d from the linear focus. It
must be pointed out that, in the case of focusing at the sample

surface, the term exp (—ikg;z) in (1) is neglected since d =0

and, hence, w = wy. The beam radii for the two irradiation
conditions were chosen as follows: 12 pum for 50 mm focus-
ing lens and 5.8 wm for 25 mm focusing lens, reflecting the
experimentally-determined spots on the surface.

The scalar envelope E(r, t,z), assumed to be slowly-
varying in time, evolves along the propagation axis z ac-
cording to the nonlinear envelope equation (2) [43], ex-

pressed in a reference frame moving with the group vel-
ocity v, [39,40,42,43]:
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where t = 13, — 2/, corresponds to the retarded time; k” is
the second order group velocity dispersion coefficient, n; is
the nonlinear refraction index, @, = @0 + €>E*/2cnocoma}
is the effective ionization potential that accounts for the
supplementary oscillatory behavior of the free electrons at
the bottom of the conduction band, and @y is the intrin-
sic energy gap. Equation (2) accounts for diffraction in the
transverse plane, group velocity dispersion, optical Kerr ef-
fect with a nonlocal term corresponding to delayed Raman—
Kerr optical response ( fr = 0.18) [40,41, 44], plasma absorp-
tion, plasma defocusing, and energy absorption due to photo-
ionization, but disregards energy relaxation events. The op-
erator T =1+ wLO% accounts for self-steepening effects and
space-time focusing [38,40—43].

The cross-section for inverse bremsstrahlung describes the
efficiency of electron heating once the carriers are pushed in
the conduction band and follows the main characteristics of
a Drude formalism [26, 32,41], being written as:

k()e2

=22 22"
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3)

Here ko = nowo/c represents as before the wave vector inside
a dielectric medium with the refractive index ny, e is the elec-
tron charge, &y is the dielectric constant, 7. is the electronic
momentum scattering time, and m = 0.5m. [27,45] denotes
the reduced mass of the electron and the hole [41]. Since in
most of the calculation steps the electronic density stays sub-
critical, no alterations of the refractive index were considered
in calculating the absorption term, an assumption that may
slightly underestimate the energy absorption in the high input
energy range and neglects the back-reflection on the plasma
boundary. For estimating a realistic free-electron absorption
cross-section, an accurate approximation of the momentum
scattering time becomes necessary. There is a certain disper-
sion in the precise values of the collision time, from less than
1 fs [32,33] to several fs [41,46]. In the absence of published
data we have opted for a damping term w7, = 3 [47]. The pa-
rameters [25,39,48-50] used in obtaining solutions for the
coupled excitation and propagation formalism are summa-
rized in Table 1.

The continuity equation for the free electron density o
reads as [39,41]:

00 - o =12) Qa Qe
— = (W (|[E|)+ ————0 |E| | =-=. 4
o= (W (B) + e ) 220 @

Here 0, = 09 — 0. and p¢ are the densities of neutral and
total atoms (neutrals plus ionized), respectively, in the di-
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Physical parameter

TABLE 1 Material constants

a-Si0,

Band gap &, [eV]

Particle density oo [cm™>]

Linear refractive index n

Nonlinear refractive index n, [cm? /W]

Second order GVD coefficient k” [fs?/cm)]

Free-electron decay time i [ps]

Experimental single pulse surface damage threshold Fy, [J/cm?]
Theoretical critical average fluence Fe, [J /cm2]

9 [25]
6.6 x 1022
1.45

2.48 x 10716 [48)

361 [39]
0.150 [49, 50]
39
1.6

electric matrix. Equation (4) describes free-electron gen-
eration due to photoionization, avalanche ionization, and
free carrier decay in self-induced lattice deformations with
a characteristic trapping time 7. For input intensities simi-
lar to those used in this experiment, the adiabatic parameter
y = woy/mcegnoEg/ |Ele is close to unity and the photo-
ionization rate Wpy is defined according to Keldysh’s for-
mulation [41,51,52]. Both photoionization and avalanche
terms are corrected for the reduction in the density of ion-
ization centers (neutral atoms providing the electrons in the
valence band) during ionization. Electronic transport is con-
sidered negligible on the timescale of irradiation. It is also
considered that surface optical damage occurs at the point
where the maximum laser-induced electronic density at the
surface reaches a critical value in the range of 10?! cm™3.
An observation is to be made here. The recourse to an ana-
lytical description of laser excitation is expected to generate
some deviations in the calculated critical fluence as compared
to the experimentally-detected damage threshold. In fact,
a critical fluence of 1.6 J/cm? is calculated, compared to an
experimentally-observed value of 3.9 J/cm? average fluence
for single pulse surface damage. Nevertheless, readjustments
of the photoionization and collisional ionization cross sec-
tions in order to fit the experimental observations [26] are
not expected to alter the qualitative picture described in the
following sections.

Equation (2) is solved by means of Fourier spectral
decomposition in time and a standard Crank—Nicholson
scheme in space, applied to each spectral component. Equa-
tion (4) is solved using Runge—Kutta method of the fourth
order.

4 Results and discussion

The principal goal of this work is to derive informa-
tion about laser-induced excitation processes in transparent
materials by measuring the temporal shape and the energy
content of the laser pulse after depletion, at input energies
characteristic to the optical damage threshold. It is believed
that the temporal behavior of the electric field envelope after
propagation through the interaction region gives information
related to the excitation processes taking place throughout the
material. Concerning pulse temporal characterization tech-
niques, while being applied to a certain extent for long laser
pulses [53] due to the easiness of measuring the pulse tempo-
ral form by electronic means, their extrapolation to the ultra-
fast domain requires optical detection methods [54, 55]. The
experimental and complementary theoretical approach pre-
sented here allows insights into the development of energy

deposition during the irradiation sequences and facilitates the
comprehension of several aspects of the energy balance. The
following are the main questions: How much energy is spent
on excitation events and where and when do those events
take place? To what extent can the spatio-temporal aspect of
laser-induced processes in ablation regimes be predicted and
analyzed? What is the role played by intrinsic material proper-
ties in conditions typical for laser damage and ablation? Pulse
characterization techniques have a certain potential to deliver
answers to these questions. Nevertheless, several drawbacks
are inherent to the procedure. The correlation with a refer-
ence pulse of similar temporal width as the excitation pulse
obscures the fine details of absorption by a smearing effect
on the detected temporal shape and does not allow full ac-
cess into the damping behavior of the induced plasma, spe-
cifically on the role of the instant electronic density and its
effects on the radiation cut-off characteristics. The electronic
momentum scattering time in dense electron plasmas gener-
ated in solid transparent materials is on the 1 fs scale [32, 33],
generating strong damping of the oscillations. Consequently,
asignificant part of the energy is removed from the laser pulse,
dissipated, and deposited into the sample. The experimental
setup enables though, despite the limitations, the possibility to
monitor in real time the depletion of the excitation beam fol-
lowing the process of energy deposition along the beam path.
Three main absorption channels, dynamically interrelated, are
usually discussed for laser-irradiated transparent materials.
The front edge of the laser pulse, concentrating the energy
at the geometrical focus, produces an emergent population
of free electrons that acts as seed initiators for subsequent
electronic multiplication [26, 52]. The electronic contribution
induces a significant decrease of the initial, unperturbed di-
electric function and, at the critical density, electron heating
on the pulse tail dominates the energy balance. Upon the de-
velopment of an absorbing plasma source inside the material
or at the surface, part of the input laser pulse will be scattered
away by diffraction at the plasma border region [56] during
the last moments of interaction. The propagating pulse is fur-
ther distorted spatially, temporally, and spectrally due to the
nonlinear response of the medium, e.g. via self-focusing, self-
phase modulation, group velocity dispersion, or due to the
interaction with the electron gas [S7—61]. Due to the relatively
reduced spectral bandwidth of the incident pulse (5.5 nm)
and also due to the geometrical arrangement that locates the
beam focus at the surface of a relatively thin sample and
hence reduced optical path, we expect only a minimal spectral
distortion.

As mentioned before, the first question relates to the tem-
poral profile of the beam after depletion by the excitation
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FIGURE 2 (a) Temporal envelopes (quasi-autocorrelation signal) of the
pulses transmitted through the dielectric slab (dotted lines) at different in-
put fluence values, below (0.4Fy,) and above (1.3F,) the surface damage
level (Fy,) for a 250 wm thick a-SiO; sample. The profile is measured after
approximately 1 m free-space propagation. The incident profiles are also de-
picted for comparison (solid lines). (b) Theoretical near-field instantaneous
power profiles (at the sample exit) at 0.5F,, and 1.2F, obtained from nu-
merical description of the absorption and beam distortion processes during
propagation in a 250 pm thick a-SiO, sample. Input profile (solid lines),
transmitted near-field radiation (dotted lines). F.; denotes the minimal flu-
ences for reaching critical electronic density at the surface. (¢) Input and
output axial intensity envelope profile in the same conditions as in (b)

events in the dielectric sample. Figure 2a—c depicts the exper-
imentally detected correlation signal (a) and the theoretically
calculated temporal power and intensity profiles (b,c) of the
beam exiting the 250 pm thick fused silica sample at differ-
ent input average fluence levels, below and slightly above the
surface damage threshold. The experimental profile (Fig. 2a)
is recorded approximately 1 m behind the sample, after the
beam has suffered several spatial Fourier transformations due
to the collimation system and propagation in free space, and
the detected signal can be assimilated to a certain extent to
a far-field representation of the calculated pulse [54, 62, 63].
The theoretical profile is calculated at the sample exit. We
have not attempted here to numerically propagate the pulse in
the far-field region. Regarding Fig. 2a, a visible characteris-
tic is that, even at intensities below surface damage, radiation
damping occurs well before the maximum of the pulse. How-
ever, the absence of steep cut-off steps precludes strong spec-
tral distortion. Figure 2b and c illustrates the theoretical pro-
files of the exit beam power and, respectively, intensity, after
transversing a-SiO, 250 pm thick samples at different levels
of input fluence with respect to the surface damage thresh-
old. Despite some discrepancies, the numerical simulation in
the sub-damage regime confirms the obtained experimental
observation: the radiation loss mechanisms take place well be-
low the damage threshold. Although the absorption onset at
t = —100fs (Fig. 2b) is reproduced satisfactorily, the tail of
the detected pulse is more strongly depleted than in the calcu-
lated case. The effect can be explained by taking into account
the position of the detection plane (sample exit for simula-
tion and 1 m further away for the detected profile) and strong
plasma-induced scattering of radiation away from the detec-
tion plane. Besides being scattered away on the plasma bor-

a-SiO; (full squares). Observable is the early onset in the absorption satura-
tion. The single pulse damage level for fused silica is marked on the figure.
(b) Calculated amount of escaping light for a 250 wm thick a-SiO, sample
in similar conditions as in (a). The onset of transmission leveling signals the
increasing importance of the bulk effects

der, the trailing edge of the transmitted pulse diffracts more
rapidly due to the presence of the optical shock terms and
is less susceptible to be recorded at the detection plane. The
pulse enhancement observable in Fig. 2¢ is not merely a con-
sequence of a time-dependent narrowing of the spatial profile;
additionally a pulse compression mechanism is at work.

There are two reasons to explain the gradual development
of absorption. Strong plasma oscillation damping will induce
a smooth transition to a robust absorbing state, while the for-
mation of a bulk plasma channel upon propagation (as will
be seen in the following) will obviously increase the tran-
sient optical density. Several additional factors play a role in
establishing the energy balance. Beam defocusing on the self-
induced plasma and spatial dispersion will increase losses at
the place of detection due to the finite aperture imposed by the
reference beam in the correlation process. From a certain radi-
ation level, the transmitted energy appears to be independent
of the input laser intensity (Fig. 3).

Figure 3a and b depicts the experimental and the cal-
culated behavior of the transmitted amount of radiation in
250 pm thick a-SiO, samples for different input fluence lev-
els. The transmitted yield is plotted in Fig. 3a as the time in-
tegral of the cross-correlated output signal, similar to Fig. 2a,
and as the amount of escaping energy at the beam exit in
Fig. 3b for conditions representative to Fig. 2b. The fluence
level required for damaging permanently the fused silica sur-
face (Fig. 3a) and, respectively, for reaching the critical elec-
tron density at the surface (Fig. 3b) is also marked on the
figure. As pointed out before, the saturation in the transmit-
ted energy, equivalent to a strong decrease in transmittance,
starts noticeably at lower fluence than the onset of observable
macroscopical surface damage. The signal deviates from a lin-
ear behavior at an average fluence below 1J/cm? and satu-
rates above 2 J/cm?. The fact that the leveling-out is observed
at low input intensities which are not able by themselves to
generate high density electronic excitation in excess of the
critical value points towards the formation of a bulk plasma
channel along the propagation axis. Strong screening that may
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FIGURE 4 Experimental results (scatter graph) and numerical simulations
(line graph) on the transmission efficiency levels for samples of different
thicknesses of 250 wm and 50 pm respectively, at different input fluence
levels relative to the damage threshold (see text for details). Focusing con-
ditions: focal length F' = 50 mm for the 250 pm sample and F = 25 mm for
the 50 wm sample. The focal point is located in both cases at the front surface

occur at high electron densities is not considered here but it
may play a noticeable role for the oscillatory behavior of the
plasma. Moreover, this can trigger more spreading of energy
out of the plane of observation caused by the plasma channel,
a far-field effect not accounted for in the simulation proced-
ure. Despite some uncertainty concerning the dominating ef-
fects, the experimental behavior of the transmitted amount of
energy is satisfactorily confirmed by the theoretical transmis-
sion curves (Fig. 3b) underlining that a significant amount of
energy is removed from the laser beam even at input fluence
levels well-below the damage point. The leveling-out is trig-
gered by the onset of power-dependent nonlinear phenomena.

Several more points are worthy of note. The onset of
absorption in Fig. 2a (observable as an abrupt decay in the
pulse envelope, smeared out by the correlation process) takes
place at similar instantaneous intensity levels for different
energy inputs. This may appear surprising in the view that
the nonlinear history of interaction is completely different.
The memory of excitation takes into account the part of
the pulse producing the electron population, i.e. the energy
transversing the sample, up to the point where significant
absorption occurs. This particular fact suggests an intensity-
dependent process that affects the spatio-temporal character-
istics of the beam, and this is most probably due to bulk ioniza-
tion upon the onset of self-focusing. As a guideline, the criti-
cal power for self-focusing is approximately 2.8 MW. Satura-
tion in the amount of transmitted energy appears shortly after
the threshold for critical self-focusing is surpassed, approxi-
mately around 0.1 J/cm? in our experimental conditions, at
the very beginning of the fluence scan. Consequently, along-
side with a low-density plasma channel that is created inside
the material during pulse propagation, one or more points of
elevated electronic densities form on the axis following the
concentration of laser pulse energy. The results of the pulse
shape measurement take into account an average value for
the absorption processes along the propagation path. This ob-
scures the onset of avalanche multiplication, which takes into
account the temporal history of excitation (~ fot +E 2 () up
to the observation moment at a fixed location. ¢

The importance of bulk excitation in defining the amount
of transmitted radiation is further illustrated in Fig. 4 which
displays the behavior of the detected and calculated energy
transmission ratio (including the totality of losses caused by
absorption but disregarding intrinsic reflection at dielectric
boundaries) for different target thicknesses and irradiation
conditions. The x-axis represents the irradiation fluence rela-
tive to the damage threshold for the experimental points and
relative to the critical fluence for the theoretical data. Due to
the constancy of the refractive index in the theoretical estima-
tions, reflection from the plasma boundary does not intervene.
The assumption is correct as long as the excitation regime
stays below or close to critical density. The figure presents
experimental results and numerical simulations on the trans-
mission efficiency levels for samples of different thicknesses
(250 pm and 50 pm respectively) at different input fluence
levels relative to the damage threshold. The focusing con-
ditions are: focal length F = 50 mm for the 250 wm sample
and F =25 mm for the 50 wm sample, respectively, the focal
point being located in both cases on the front surface. Ex-
perimentally, the transmitted part of the incident energy was
measured firstly with the sample in the focus and, secondly,
with the sample out of focus for different values of input flu-
ence. The experimental graph represented in Fig. 4 depicts the
ratio between the two sets of measurements. Considering that
plasma is localized at the front surface, the transmission factor
can be expressed as (1 — Rex) T, where Ry is the reflectiv-
ity of the excited surface and 7 is the transmissivity of the
medium. The theoretical curve presents the ratio between the
energy of the transversing beam just before the sample exit
and the input energy value. The quantitative agreement with
the experimental data fails rapidly as the fluence increases,
calling for further refinement of the model, but the influence
of the target thickness is well predicted. In both cases the
transmission factor falls below 1 well underneath the damage
threshold. Nevertheless, the figure shows that a thicker sam-
ple leads inherently to lower transmitted outputs, suggesting
that the length of propagation and therefore the length of in-
teraction is the control knob for adjusting the amount of radia-
tion that passes through the transparent sample. The difficulty
in working with thinner samples, which is increased by the
limited availability of planar surfaces, elevates the complexity
of the problem and creates obstacles in decoupling the surface
and bulk propagation effects. According to the Drude model
for an optically-thin plasma developed at the sample surface,
absorption should become observable for strongly damped
electronic oscillations well below critical density, where the
dielectric function develops already a significant imaginary
component and the length of the plasma gradient regulates in
this case the absorption magnitude.

Further insights into the excitation processes are extracted
from 2D numerical simulations of the spatial profile of laser-
induced excitation in the material. Figures 5-7 illustrate the
spatial profiles of the incident fluence distribution at the end
of the laser pulse, the peak intensity profile, and the peak
electronic density distribution in fused silica for 50 um and
250 wm targets. Several differences between the low energy
and the high energy regimes can be depicted. For low input en-
ergies, below the damage threshold, only minor excitation is
produced at the surface. The self-focusing effect concentrates
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15 FIGURE 5 Numerical simulation
FLUENCE DISTRIBUTION [J/em?] 30+ FLUENCE DISTRIBUTION [J/cm?] on the fluence repartition [J/cm?]

10} INPUT 1.2xF, INPUT 1.2xF, along the irradiated region (con-

20+

tour plots) for 50 um (left) and
250 um (right) thick a-SiO, samples
at the end of the irradiation sequence
for two regimes of interaction: low

0.10 fluence (0.5F) and high fluence
(1.2F). Note the change in vertical
0.40  scales from left to right
1 0.70
_15 1 1 1 1 = L 1 1 I 1 : I 1 0
FLUENCE DISTRIBUTION [J/cm?] 30F FLUENCE DISTRIBUTION [J/em’] :
10+ INPUT 0.5xF, INPUT 0.5xF,,
20+ 1.3
— S 10F 15
g_ OF 0
=
-5E -10E
-10} 20}
15 il
0 10 20 30 40 50 0 50 100 150 200 250
Z [pm] z [um]

the energy into the bulk, producing an increase in electronic
excitation at the point of collapse at the same time with a tran-
sient pulse narrowing (Fig. 6). By increasing the energy input,
once ionization is reached at the surface, the surface region
will concentrate the maximum of excitation and electron heat-
ing commences. Nevertheless, the leading edge of the pulse is
able to pass through and to generate further excitation in the
bulk. A quick look at the figures shows that in the low fluence
regime the concentration of intensity into the bulk is due to
a narrowing in the spatial profile, following roughly the flu-
ence distribution. In the high fluence regime, despite the fact
that the energy is distributed in a quasi Beer—Lambert fashion,

the intensity profiles show a concentration of intensity inside
the bulk due to an additional pulse compression mechanism.
Possible transient structural transformations or material soft-
ening may occur at this second point of high intensity, but
permanent bulk damage does not appear.

Regarding the electronic excitation profiles (Fig. 7), low
fluence excitation will create a maximum carrier density in-
side the bulk material. Increasing the irradiation dose shifts
the peak electronic density towards the surface. The situation
becomes clearer in Fig. 8, which shows the peak intensities,
respectively peak electronic densities as a function of the
propagation distance for a-SiO; in several irradiation con-
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ditions corresponding to different thicknesses. If the highest
intensity is reached inside the material due to a narrowing of
the spatial pulse profile at low input fluence, accompanied by
pulse compression at high fluences, despite the fact that the
energy is concentrated at the surface, the electronic density
profile follows a transformation from single bulk maximum
at low irradiation (0.5 F,;) to a non-monotonous behavior at
high doses (1.2 F;;), with a maximum located at the surface
and a second peak inside the material.

Adjusting the irradiation focusing scale to the size of the
target will project a similar behavior for the excitation devel-
opment. To emphasize this situation we have compared two
different thicknesses and two focusing situations. In each case

10" a-Sio, 50 pm PEAK INTENSITY

B a-Sio, 250 um

DENSITY [cm®] INTENSITY [W/cm?]

17;\ Il
%0 50

100 150 200 250
z [pm]

FIGURE 8 Numerical distribution of peak intensity and peak electron

density distribution as a function of the propagation distance for 50 um (solid

line) and 250 wm (dotted line) thick a-SiO, samples for two characteristic

interaction regimes; low (0.5 F,), respectively high fluences (1.2F;). Same

energetic conditions as in Fig. 5 apply

the confocal parameter exceeds the longitudinal dimension
of the sample. Compared to the situation of a thicker sample
(~ 250 wm) and 50 mm focusing lens, where the bulk inten-
sity accumulation occurs at approximately 250 m, tighter fo-
cusing (F = 25 mm) on a 50 um sample will create a volume
intensity concentrated at approximately 50 jm away from the
front surface, at the rear side, consistent with a w? depen-
dence. In fact, the self-focusing distance for input powers
above the critical power for self-focusing has a similar waist
dependence zy ~ w?/notL /n2En [64] and gives approxi-
mately similar values for the points of maxima as in Fig. 8.

In consequence, surface focusing may have some inter-
esting implications for material processing, taking advantage
of the nonlinear effects and on the excitation that develops
in the bulk materials [65], while achieving resolution below
the diffraction limit. To demonstrate the case we have applied
single and double pulse sequences on the front surface and
monitored the interaction results on the rear surface for 50 um
thick samples. Using double pulse irradiation sequences of
0.5 ps and 1 ps separation and moderate energies below and
in the vicinity of the damage threshold (~ 5J/cm?, respec-
tively, 6 J/cm?) has led to a very localized, below diffraction
limit backside damage of the thin a-SiO, samples, some-
times without any visible damage of the input surface, similar
to what was previously observed for ps irradiation [65-67].
The dimensions of the rear surface modification are on the
1 wm range, suggesting tighter focusing of the pulse during
propagation. We have tried to follow the processes using post-
mortem phase-contrast microscopy and thick (1 cm) samples,
while performing side-view monitoring of a laser-exposed re-
gion situated approximately at the location of the rear surface
in the case of thin samples, 50 wum away from the surface. For
this particular application, the irradiation sequences were ob-
tained by complex Fourier synthesis and spectral phase modu-
lation of the incident bandwidth-limited oscillator laser pulse
prior to amplification [68]. The amplified phase-modulated
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FIGURE 9 Post-mortem investigations of the irradiated regions. (a) Phase-
contrast observations (side view) of bulk modification in fused silica samples
excited with single ultrashort pulses (the two upper spots) and double pulse
sequences (the two bottom traces) focused on the surface. To increase the
visibility the observations are made for N =3 repetitive irradiation se-
quences on the same site, while bulk damage appears after the first sequence
(F=61] /cmz). (b) Front view of rear side damage sites induced in thin sam-
ples (50 um) by single pulse (fop) and double pulse irradiation with 1 ps
separation (bottom) at F = 61J/cm?. In both cases the geometrical focus is
located at the front surface. No rear damage appears after single pulse ir-
radiation, while sub-diffraction-limited features can be identified for double
pulse irradiation. (c¢) Coloration of the fused silica sample at repetitive single
pulse exposure

pulse is characterized temporally using background-free sec-
ond order cross-correlation with a second transform-limited
reference pulse, separated from the oscillator beam prior mod-
ulation and seeded into the regenerative amplifier 0.5 ns be-
hind the phase modulated pulse. This second, delayed pulse
containing about 30% of the energy content of the sequence
is used as reference for temporal characterization. The re-
sults of the laser-induced modifications are shown in Fig. 9a
and b for single pulses and double pulses with 1 ps separa-
tion. The reference pulse used for temporal characterization
is also launched on the sample. One can clearly observe for
double pulse irradiation the catastrophic collapse of the beam
inside the material and the resulting damage starting at about
40 pm below surface. To increase the visibility of the damage
in the microscopy pictures, the images are realized for three
successive irradiations of the same spot but bulk damage ap-
pears after the first shot. The same behavior was confirmed
for 0.5 ps separation in the double pulse sequence, as well
for a wide range of input average fluences (0.9—4 Fy, pp). The
fluence interval adjusts itself between a lower limit where
no damage appears and a higher value where the energy is
dominantly localized at the surface. On the contrary, no bulk
damage was observed for single pulse irradiation (Fig. 9b).
Damage has not appeared even for continuous irradiation of
several seconds at 100 Hz, the result being only a slight col-
oration of the glass on the propagation axis (Fig. 9¢), due, per-
haps, to defect accumulation [69]. These results indicate that,
in the case of double pulse irradiation, a reversible fast struc-
tural transition in the glass matrix occurs after the first pulse
in the sequence, leading to the collapse of the following pulse
and the optical breakdown of the material in the affected re-
gion. We mention that these results are characteristic to fused
silica. We have irradiated other types of materials, e.g., sap-
phire (Al,O3), but no bulk damage was visible for sapphire
under similar conditions of irradiation. This points to the role
of electron—phonon interactions within the whole range of
processes related to electron scattering and associated lattice

instabilities. A quick review of the electronic relaxation char-
acteristics of the two materials [49, 70] reveals that, contrary
to a slow electronic decay in sapphire, strong polarization
of the glass matrix takes place in excited a-SiO,, accompa-
nied by exciton self-trapping and glass matrix deformation
within the first 100 fs. The sudden molecular rearrangement
is consistent with the fast electron trapping in deformation
potentials, which is followed by local atomic displacements.
If the probability of bond breaking and molecular disorder-
ing during the laser-induced thermal transients follows the
profile of the excitation, the transient refractive index change
should follow the spatial profile of the excitation beam and
a strong transient thermal positive lens may be created with
a lifetime of several ps. A transient structural modification of
the a-SiO, glass matrix occurs, therefore, after the first pulse
in the double pulse sequence, with subsequent modification
of the optical properties and apparently enhanced radiation
coupling properties. This creates proper conditions for an op-
tical breakdown induced by the second pulse in the sequence.
For the sapphire sample, long-living electron plasmas [49, 70]
may defocus efficiently the laser beam and counteract the ef-
fect of the positive thermal transient lens so the conditions to
achieve above-damage intensities are not met within the bulk
material.

An additional thermodynamic point of view may be sug-
gested to support the observations. The fused silica material
softens well before reaching the melting temperature, lead-
ing to a loss of material strength, while the sapphire sample
suffers a structural rearrangement at the melting point and re-
quires a higher amount excitation to reach this state.

A strong interrelation between the spatial and the tempo-
ral behavior is defining, therefore, the degree of excitation
along the propagation axis and is influencing the subsequent
thermodynamic behavior of the materials. Numerical simula-
tions on pulse propagation during this complex regime are in
progress and will be presented at a later point.

5 Conclusions

We have presented dynamical observations on the
development of electron—hole plasmas in ultrafast laser irradi-
ated dielectrics in the vicinity of the optical damage threshold.
At the same time, by investigating variations in the tempo-
ral envelope of the propagating pulse, we have described and
emphasized the importance of bulk excitation processes cre-
ated during the nonlinear advance of the pulse inside the
material. The complex spatio-temporal interplay obscures to
a certain extent an unambiguous interpretation of the bal-
ance of different absorption and electron multiplication pro-
cesses. Experimental observations and insights obtained by
simulating the nonlinear propagation of the ultrafast laser
pulse inside the excited material illuminate the energy dis-
tribution along the propagation path, alongside with the cre-
ation of nonlinear excitation profiles and the prediction of
final sub-diffraction limit structures. The challenge is to create
designed temporal intensity envelopes that allow discriminat-
ing between the electron generation and multiplication pro-
cesses, as well as flat spatial profiles at the excitation point
in order to reduce the spatial effects related to the nonlin-
ear radial distribution of intensity. Spatio-temporally engi-
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nee
ple

red ultrafast laser pulses create the conditions to decou-
the spatial and temporal behavior in a way that can be

solely explained by the balance of the different excitation
processes.
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