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ABSTRACT The highly nonlinear laser—matter interaction con-
ditions produced by high-intensity amplified ultra-fast laser
pulses have proven to be beneficial in the processing of nor-
mally transparent wide-band-gap dielectric materials. This art-
icle presents experimental studies of the ultra-fast laser absorp-
tion process in three wide-band-gap dielectrics: fused silica,
calcium fluoride, and sapphire. Time-resolved measurements of
the probe transmissivity and reflectivity show both the forma-
tion of dense free-electron plasma at the surface due to nonlinear
absorption of the laser pulses and rapid structural damage on
the order of a few picoseconds. Pump—probe data with intense
pump and probe pulses was also correlated to atomic force mi-
croscopy measurements of the ablated volume. It was observed
that the material removal peaked near zero delay between the
pulses and decreased within a temporal separation of about 1 ps.

PACS 52.38.Mf; 78.47.4p; 79.20.Ds

1 Introduction

Ultra-fast lasers are a unique tool for machining
a diverse range of materials. In particular, the highly nonlin-
ear laser—matter interaction conditions produced by ultra-fast
pulses are conducive to the processing of hard-to-machine
materials such as ceramics and wide-band-gap dielectrics.
Wide-band-gap dielectrics such as fused silica are normally
transparent to visible and near-infrared light as the photon en-
ergy is insufficient to excite an electron from the valence to
the conduction band by linear absorption. However, the ex-
tremely high intensities created by amplified ultra-fast laser
pulses cause nonlinear photoionization effects which lead to
significant absorption of the photons. This topic has received
considerable attention in recent years and several reviews of
the existing literature are available [1, 2]. Briefly, an electron
in the valence band can absorb several visible or near-infrared
photons and gain enough energy to cross the band gap. This
process is referred to as multiphoton ionization. Another non-
linear photoionization process that becomes important at high
electric field magnitudes is tunneling photoionization, where
the strong electric field suppresses the Coulomb barrier and al-
lows the electron to tunnel through. The free electrons created
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by nonlinear photoionization can then absorb more energy
from the laser pulse by inverse bremsstrahlung. If the energy
of the free carriers becomes high enough, they can also pro-
mote an electron from the valence to the conduction band by
impact ionization leading to an avalanche process.

The free-electron plasma created in wide-band-gap di-
electrics by the nonlinear absorption of ultra-fast laser pulses
has been observed in both time-resolved reflectivity [3] and
shadowgraph imaging experiments [4]. Vu et al. [3] ob-
served an increase in the reflectivity of fused quartz irradi-
ated with 100-fs pulses that lasted for about 10 ps. Simultan-
eous measurements of the Doppler shift of a probe reflected
from the back side of the sample revealed that the ioniza-
tion front moved into the sample with a maximum velocity of
1.8 x 10° m/s. Similar high-reflectivity signals of the order of
60% were observed in several different dielectric samples by
von der Linde and Schiiler [5], who also noted that the thresh-
old intensity for plasma formation was close to 10'3 W /cm?.
Spectral interferometry studies have revealed that the free car-
riers created by the femtosecond pump pulse can be captured
very rapidly in some materials like fused silica due to the for-
mation of self-trapped excitons (STEs) [6]. A trapping time
of 150 fs was measured for fused silica while the carriers
remained free in sapphire for 100 ps. Transient absorption ex-
periments in calcium fluoride revealed a similar effect with
a STE formation time of 690 fs [7].

Time-resolved measurements of plasma emission under
double-pulse irradiation in fused silica and its correlation to
the optical breakdown threshold (OBT) have also been re-
ported [8]. It was observed that the OBT for the second pulse
gradually increased until a delay of 200 fs between the pulses
and then stayed almost constant and finally recovered slowly
to the value for single-pulse OBT in a period of about 2.5 ns.
A simple rate-equation model with an exponential decay term
for the free-electron distribution could not explain the experi-
mental results. However, it was pointed out later [9] that the
results could be explained in terms of the STE effect men-
tioned above. Moreover, the STEs can act as suitable sites
for the absorption of the subsequent pulse as the electron in
the e — h pair is more weakly bound than the valence-band
electrons. The STE itself recombines over a time scale of
nanoseconds, which can explain the observed recovery behav-
ior of the OBT for the second laser pulse. Thus, a combination
of absorption in the free carriers in the first few hundred fem-
toseconds and in the STE in the subsequent period was held
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responsible for the observed OBT dynamics in fused silica.
Machining of fused silica and other dielectric samples with
double- and triple-pulse sequences synthesized using a pulse
shaper has also been reported [10]. A significant difference in
the OBT under multiple-pulse irradiation of fused silica and
sapphire was observed. The OBT changed rapidly within 1 ps
for fused silica, in accord with the results from the previous
studies, while the OBT for sapphire did not change much over
this time period. This is attributed to the fact that fused sil-
ica has a fast trapping of free electrons due to the STE effect
while in sapphire the excited carriers can remain free for much
longer periods. It was also observed that increasing the sep-
aration from 0.3 ps to 1 ps for a triple-pulse sequence led to
a decrease in the amount of material ablated for the case of
fused silica but not for sapphire.

Some experiments have been carried out using pulse trains
of high repetition rate and interesting machining effects have
been reported. Herman et al. [11] used a train of 430 pulses of
1.2-ps duration each for machining fused-silica samples and
found that the surface microcracking or swelling that occurred
with single-pulse machining could be eliminated. It was as-
sumed that the heating effects associated with the high repe-
tition rate may have improved the ductility of the surrounding
glass. A four-pulse sequence was also used to machine various
materials including glass and significant changes in the ma-
chining characteristics could be observed [12]. Some amount
of enhancement in machining quality due to the use of ultra-
fast pulse trains generated by pulse shapers has also been
reported [10]. As such, it is seen that machining with a pulse
train with a repetition rate of the order of GHz to THz in-
stead of a single pulse repeated at the amplifier rate of a few
kHz could possibly offer certain advantages, combining the
positive aspects of both short- and long-pulse interactions.
However, the fundamental reasons why pulse trains could of-
fer advantages to material-removal applications are still not
very well understood.

As discussed previously, the interaction of ultra-fast laser
pulses with wide-band-gap dielectrics involves the absorption
of photons by the valence electrons and subsequent coup-
ling of the energy to the lattice. The absorption itself is quite
acomplex phenomenon as the free-electron plasma generated
by the initial part of the pulse can either absorb the later part
more efficiently or act as a plasma mirror and reflect most of
the energy [13, 14]. For material-processing applications, it is
desirable that most of the energy of the pulse be absorbed in
the sample. Another question that relates to the lifetime of the
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photoexcited carriers is: how long do the carriers remain free
before they are captured as STEs or in defect states? Also, the
creation of STEs can affect the absorption of the subsequent
pulses as they represent energy levels within the band gap that
can be excited much more easily. All these issues would affect
how well the later pulses in a train are absorbed in the material.
This article aims to resolve some of these questions by con-
ducting pump—probe experiments on different dielectric sam-
ples to identify the absorption characteristics and also relate
these to the ablation process. Sect. 2 describes the experimen-
tal setup while the results of single-pulse and time-resolved
pump—probe experiments are presented in Sect. 3.

2 Experimental setup

The experimental setup is a typical pump—probe ar-
rangement with orthogonal polarization of the two pulses as
shown in Fig. 1. The input is a 90-fs FWHM (full width at half
maximum) pulse centered at 800 nm emitted by a Ti:sapphire
regenerative amplifier. Single pulses are selected from the
1-kHz pulse train with an electromechanical shutter. A half-
wave plate (HWP) placed in the probe-beam path rotates the
probe polarization from horizontal to vertical. The power of
the pump and probe beams is controlled by using neutral-
density (ND) filters and half-wave-plate/polarizer combina-
tions (not shown in the diagram). The pump and probe beams
are focused on the sample with a long-working-distance Mitu-
toyo objective (10x, 0.28 NA). The sample itself is mounted
on a motorized stage so that it can be moved perpendicular to
the beam between pulses, allowing a fresh surface to be ex-
posed to each laser pulse. The transmitted part of the beam
is collected with another objective (50, 0.5 NA) and sent to
the second photodetector (PD2). The collecting objective has
a much higher NA than the focusing objective in order to en-
sure that all the transmitted light is collected. The part of the
beam that is reflected normally is collected by the focusing ob-
jective and sent back towards the third photodetector (PD3).
Appropriate polarizers (P) and 800-nm band-pass filters (F)
were placed in front of the photodiodes to block the pump
beam and plasma light. The CCD camera along with a white-
light source (not shown in the diagram) images the surface of
the sample using the focusing objective. This helps in con-
trolling the location of the sample surface with respect to the
focal position to ensure repeatability during the experiments.
Moreover, the imaging setup can also be used to image the
air breakdown at very high incident energies. This helps to
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FIGURE 1 Schematic layout of pump—probe setup.
HWP: half-wave plate, PD: Si photodetector, CCD:
CCD camera, FO: focusing objective, CO: collecting
objective, P: polarizer, F: 800-nm band-pass filter
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locate the focal position at the imaging plane and hence also
the position of the sample surface with respect to the focus.
The position of the focus is not expected to vary with the in-
cident energy, since the critical power for self-focusing in air
is quite high (1.7 GW) [15] compared to typical peak powers
of about 10 MW in our experiments. The pump—probe setup
can be easily used for single-pulse measurements by blocking
the pump beam and using the vertically polarized probe beam
only. The processed samples are analyzed with an atomic
force microscope (AFM) to measure the ablated volume.

3 Results and discussion

3.1 Single-pulse measurements

Following the discussion in Sect. 1, it is expected
that, as the intensity of the incident pulse is increased, the
transmissivity should drop and the reflectivity should rise
since the free-electron plasma in the conduction band created
by nonlinear absorption of the initial part of the pulse ab-
sorbs and reflects the later part of the pulse. As the intensity
increases, more electrons are photoexcited to the conduction
band and the free electron plasma density increases. Mathe-
matically, the idea can be expressed in terms of the plasma-
frequency concept based on the Drude model [16], which
states that the reflectivity increases sharply when the plasma
frequency becomes equal to the laser frequency.

The experimentally obtained values of single-pulse trans-
missivity and reflectivity as a function of incident laser flu-
ence are shown in Fig. 2. Three different dielectric samples
were considered: calcium fluoride (CaF,, 2-mm thick, Alfa
Aesar), fused silica (SiO,, 1-mm thick, Corning 7980), and
sapphire (Al, O3, 2-mm thick, Edmund Optics). The intensity
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FIGURE 2 (a) Transmissivity and (b) reflectivity of a single 90-fs, 800-nm

pulse as a function of incident intensity in various wide-band-gap dielectric
samples

values quoted here are based on a beam spot size of 4 pm
(measured by a knife-edge technique) and a pulse width of
90 fs FWHM (measured by a single-shot autocorrelator and
by two-photon absorption autocorrelation in a GaP photo-
diode). The data is calibrated to obtain absolute values for
transmissivity and reflectivity by using the fact that at the low-
est intensities the free-electron density will be negligible and
hence the reflectivity and transmissivity values can be calcu-
lated from the normal refractive-index values at A = 800 nm.
As predicted by theory, the transmissivity drops and the re-
flectivity rises for all the three wide-band-gap dielectric sam-
ples as the incident intensity is increased. It is seen that the
transmissivity drop is the smallest for CaF, and very simi-
lar for SiO, and Al,Oj3. This phenomenon is partly related to
the values of the band gaps of the three materials: 12 eV for
CaF, [7] and 9 eV for SiO; [17] and Al,O3 [18]. As the ab-
sorption is by nonlinear photoionization, the value of the band
gap will determine how easily the incident photons will be ab-
sorbed. A larger band gap could lead to less absorption and
hence higher transmissivity. However, at the high intensities
considered here, the effects of free-electron absorption are ex-
pected to dominate the transmissivity, as the intensity is high
enough to create the initial seed plasma regardless of the band-
gap value.

In Fig. 2, the solid line for SiO, is obtained from a numer-
ical model that simulates the propagation of ultra-fast laser
pulses inside fused silica using the 2 (spatial) + 1 (temporal)-
dimensional propagation equation given below:
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Here, ¥/(r, z, t) is the envelope function of the electric field,
V? the Laplacian operator in the transverse plane, Wp; the
photoionization rate obtained from the Keldysh theory [19],
k” the group velocity dispersion coefficient, t' =t —z /v, the
retarded time, kg the laser wavenumber in vacuum, ¢ the com-
plex relative dielectric constant of excited fused silica, and
n = Re./¢ the corresponding refractive index. The first term
on the right-hand side in (1) stands for laser diffraction in
the transverse plane, the second term accounts for absorption
due to nonlinear photoionization, and the third term repre-
sents the group-velocity dispersion. The last three terms on
the right-hand side account for self-focusing related to the
Kerr effect, free-electron absorption, and laser defocusing due
to the free electrons, respectively. A more detailed descrip-
tion of the model can be found in [20]. The evolution of the
free-electron density p in fused silica is described with the
following rate equation:

dp
dr

(Wer + B1p) <1— P )—ﬁ. ®)

max TS

Here, B is the avalanche ionization coefficient and z the elec-
tron trapping time. Together, (1) and (2) are solved numer-
ically to predict the propagation of femtosecond pulses in bulk
fused silica, taking into account both reflection at the air—solid
interface and the absorption mechanisms in the bulk that con-
tribute to the final transmissivity value.
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FIGURE 3 Ablated volume measured with AFM as a function of incident
intensity for various wide-band-gap dielectrics

Itis seen from Fig. 2 that the transmissivity fitis quite good
but the reflectivity prediction is much higher than the experi-
mentally observed values except at the lowest intensities. The
reason for this is that as the intensity increases, there is a con-
siderable amount of scattering of the pulse in all directions.
This was observed by using an infrared viewer fitted with an
800-nm band-pass filter. As the model does not provide for
scattering, and the experiment picks up only the normally re-
flected part of the light, the reflectivity data does not match the
model predictions. Similar experiments have been reported
by other groups [13, 14]. In these cases, the experimentally
observed reflectivity values were higher than the ones shown
here and matched model predictions quite well. The main rea-
son for this difference is due to the focusing conditions. The
experiments in the two references mentioned above used very
slow focusing lenses (f ~ 1000 mm), while this study uses
a very tight focusing objective. As a result, the free-electron
plasma created in this experiment is confined to a very small
volume (~ 4-pm diameter). This is expected to create a much
more uneven and unstable plasma that causes scattering in all
directions instead of specular reflection.

The volume of ablated material for a single pulse at dif-
ferent incident intensities was measured using an atomic force
microscope (AFM) and the data is presented in Fig. 3. Each
data point is averaged over five measurements and the error
bars represent the standard deviation. The larger band gap
and corresponding higher transmissivity of CaF,, as seen in
Fig. 2a, would imply lower absorption in this dielectric and
hence less ablation. However, it is noticed that Al,O3 has the
smallest ablated volume. This phenomenon can be explained
in terms of the enthalpy of fusion of the three materials, which
is a measure of the bond strengths. Al,O3 has the highest en-
thalpy at 111.1 kJ/mol followed by CaF, (29.71 kJ/mol) and
Si0; (8.51 kJ/mol) [21]. Because of this, it is to be expected
that even if there is less absorption in CaF,, there will be
greater material removal because it can be damaged more eas-
ily. The two other materials also show the expected trend in
ablated volume corresponding to their respective enthalpies,
although there is some overlap between CaF, and Al,O3 at the
lower intensities that is within the margin of error.

3.2 Time-resolved measurements

As discussed in the introduction, the primary goal
of this work is to assess the effect of material removal with

apulse train instead of a single pulse. To this end, pump—probe
experiments were carried out to measure the effect of the
free-electron plasma created by the pump pulse on the probe
transmissivity and reflectivity. A weak, vertically polarized
probe pulse at an intensity level of 0.88 x 10'* W/cm? was
used. The pump pulse was horizontally polarized and four dif-
ferent intensities were considered: 1.77 x 10'3, 4.42 x 103,
7.96 x 10'3, and 10.61 x 10'3 W/cm?. The first value is much
below the damage threshold. The second is very near the dam-
age threshold as seen from Fig. 3 and the last two are above
the damage threshold. The pump—probe data for the three
dielectrics is shown in Fig. 4, 5, and 6 (negative delay corres-
ponds to the probe pulse arriving before the pump). Each point
in the plots corresponds to an average over five data points.
The standard deviation is calculated to be about 10%—15% for
the transmissivity values and about 20%—30% for the reflec-
tivity values. The error bars corresponding to these values are
not shown in the figure for clarity.

It is observed from the figures that all three dielectrics
show very similar temporal behavior, in contrast to previous
studies that have reported that the free carriers in these three
dielectrics have very different lifetimes ranging from 150 fs in
Si0; to 100 ps in Al,O3 [6, 7]. There is no appreciable change
at the lowest intensity as the free-electron density excited by
the pump is still quite low. As the pump intensity is increased,
there is a sharp drop in transmissivity around ¢ = 0 and then
a slow increase on the order of 10—100 ps. The reflectivity
shows a sharp rise at zero delay and then starts to decay after
2-3 ps, finally reaching a value much below the initial reflec-
tivity after about 10 ps. The increase in reflectivity is due to the
creation of free-electron plasma, as was also observed in the
single-pulse experiments. As the pump intensity is increased,
there is a corresponding increase in the free-electron density
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and hence the reflectivity of the probe. The difference in the
time scales of the change in transmissivity and reflectivity is
due to the fact that reflectivity is a function of the surface con-
dition while transmissivity is more of a volume phenomenon.
The sharp decrease in reflectivity after 2—3 ps is due to rapid
structural damage at the surface of the sample which leads to
scattering of the probe pulse, thus attenuating the reflectivity
signal. However, the transmissivity depends on the propaga-
tion of the probe through the free-electron plasma in the bulk

of the sample that lasts longer. Hence the slower dynamics
in the transmissivity signal. We would like to emphasize here
that the presence of scattering at the air—solid interface im-
plies that a complete energy balance between the incident,
reflected, and transmitted light measurements cannot be ob-
tained in the present setup. What is measured is the specular
reflection and transmission in the forward direction only.

On comparing the reflectivity curves for Al,O3 in Fig. 6
with the previous figures, it is observed that they are slightly
different. The first difference is that a higher reflectivity (and
correspondingly lower transmissivity) is observed at negative
delays when the probe pulse sees the undisturbed material.
This is attributed to the fact that, under normal conditions,
Al,O3 has a higher refractive index than the other two materi-
als, which contributes to the higher reflectivity. Also, itis seen
that there is no change in the reflectivity signal at the second
intensity level of 4.42 x 10'3 W/cm? although there is a slight
drop in transmissivity. This could be related to the fact that
Al,O3 has a higher damage threshold (due to higher enthalpy
of fusion) that was observed and discussed in the single-pulse
experiments shown in Fig. 3 above. However, due to absorp-
tion in the bulk plasma, a drop in transmissivity can still be
observed at this intensity level. At the two highest intensity
levels, a rise in reflectivity and a drop in transmissivity are
clearly observed, signifying that a dense free-electron plasma
is formed at the surface. This behavior is similar to the case of
the other two materials.

The presence of melting and resolidification during
femtosecond laser processing of fused silica has been re-
ported [22] and also melt-induced amorphization and crystal-
lization in quartz and fused-silica samples [23]. However, the
materials under investigation here are not expected to show
ahuge increase in reflectivity when they liquefy. For instance,
experiments have shown that the change in reflectivity of sap-
phire on melting is quite small, as the extinction coefficient
is of the order of 10~* [24, 25]. Therefore, the reflectivity in-
crease that we observe must be due to the photoexcitation
of electrons from the valence to the conduction band. This
could also have the effect of breaking the bonds between the
atoms, leading to catastrophic sample damage that leads to
the sharp decrease in the reflectivity signal seen in our experi-
ments. Also, time-resolved measurements of the scattering of
a probe pulse from fused silica show that the scattering signal
rises after a delay of about 3 ps, which matches exactly with
the onset of decay in our reflectivity signal [26]. However,
the thermal effect in ablation can also play a role. The exact
mechanism of surface damage needs further investigation.

In order to study the effect of time-dependent trans-
mission and reflection on laser ablation, experiments were
also conducted using two pulses with variable temporal
separation, where both the pulses have equal intensities of
10.61 x 10'3 W/cm?. Figure 7 shows the ablation volume vs.
temporal separation. The values for the transmissivity and re-
flectivity of the probe pulse are also plotted alongside. The
ablated volume shows a maximum near zero delay in all three
cases. In general, if the data is compared with the single-pulse
ablation results shown in Fig. 3, it is observed that the ablated
volume is slightly larger than that for a single pulse at an in-
tensity of 10.61 x 10'* W/cm? for the longest delays and then
slowly increases to a value near zero delay that is compara-



als. The single-pulse data follow the expected trends of de-
crease in transmissivity and increase in reflectivity consistent
with the creation of a free-electron plasma by nonlinear ab-
sorption of the initial part of the pulse that absorbs and reflects
the later part. In the time-resolved pump—probe experiments,
it was observed that the three dielectric materials considered
in this study — SiO,, CaF,, and Al,O3 — showed very similar
temporal behavior in spite of the fact that they have been re-
ported to possess widely different free carrier trapping times.
The strong reflectivity signal, corresponding to reflection by
the dense free-clectron plasma, was observed to decrease
rapidly after 2—3 ps, which is attributed to rapid structural
damage at the surface. Double-pulse ablation showed a max-
imum in ablated volume at zero delay and a rapid decrease
with increasing temporal separation due to plasma screen-
ing by the free electrons created by the first pulse in the
sequence.
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FIGURE 7 Time-resolved measurements of transmissivity, reflectivity, and
ablated volume for the case where both pump and probe pulses have equal
intensity of 10.61 x 10'3 W/cm? in (a) fused silica, (b) calcium fluoride, and
(c) sapphire. T: transmissivity, R: reflectivity, V: ablated volume

ble to that of a single pulse with double the intensity (within
the margin of error). The decrease in ablated volume with in-
creasing temporal separation is related to the interaction of the
second pulse with the free-electron plasma created by the first
pulse. On one hand, the free electrons can lead to enhanced ab-
sorption of the second pulse by inverse bremsstrahlung while,
on the other hand, the reflectivity increase predicted by the
Drude model can shield the second pulse from entering the
sample. From our experimental results, it is seen that the sec-
ond effect is dominant. Also, when the delay is longer than
a few picoseconds, the surface structural damage will lead to
scattering of the second pulse.

4 Conclusion

We have conducted single-pulse and pump—probe
measurements of transmissivity and reflectivity for the funda-
mental 800-nm-wavelength pulses of an amplified ultra-fast
Ti:sapphire laser in various wide-band-gap dielectric materi-
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