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lonization behavior and dynamics of picosecond
laser filamentation in sapphire

Aminal?, Lingfei ]Jil2*, Tianyang Yan!? and Rui Mal?2

Currently, laser-induced structural modifications in optical materials have been an active field of research. In this paper,
we reported structural modifications in the bulk of sapphire due to picosecond (ps) laser filamentation and analyzed the
ionization dynamics of the filamentation. Numerical simulations uncovered that the high-intensity ps laser pulses generate
plasma through multi-photon and avalanche ionizations that leads to the creation of two distinct types of structural
changes in the material. The experimental bulk modifications consist of a void like structures surrounded by cracks which
are followed by a submicrometer filamentary track. By increasing laser energy, the length of the damage and filamentary
track appeared to increase. In addition, the transverse diameter of the damage zone increased due to the electron plasma
produced by avalanche ionizations, but no increase in the filamentary zone diameter was observed with increasing laser

energy.
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Introduction

Over the past several decades, ultrafast laser pulses have
been used for the precise and highly localized modifica-
tion in various optical materials. These permanent struc-
tural modifications can be used for the development of
three-dimensional integrated optical devices'”. In high
band gap transparent materials like sapphire, linear ab-
sorption of laser irradiation is limited, thus, nonlinear
absorption mechanism is required for a material change
to occur. When an ultrafast laser pulse is focused at the
focal volume, the intensity becomes sufficient enough
(~10"W/cm?)® to induce nonlinear absorption and elec-
trons ionization through multiphoton ionization (MPI)
followed by avalanche ionization. As a result, significant
plasma density is generated, resulting in free-carrier ab-
sorption and impact ionization which counter balances
the self-focusing effect. Thus, the change in the material
structure occurs as a result of the dynamical balance be-
tween self-focusing due to the nonlinear Kerr effect and
self-defocusing associated with the plasma formation
which is called filamentation'*"'!. The resulted material
structural changes are the visible record of pulse plasma

interaction. While using ultrafast laser pulses, it is essen-
tial to understand and control the initial laser-matter in-
teraction and resulting free electrons generation for the
development of new broad and promising applications.
Numerous studies have analyzed surface and subsur-
face optical damages and to interpret the results, a wide
variety of computer simulations has been applied. Gulley
et al."”? performed simulations to model laser-induced
plasma generation in bulk fused silica for single and dif-
ferent-frequency multi-pulse systems. A plasma density
generated by 50 fs, 267 nm pulse followed by more ener-
getic 150 fs, 800 nm pulse was predicted to two orders of
magnitude greater than either pulse generated alone. The
simulation model further demonstrated that the strong
pulse chirps generated naturally during nonlinear propa-
gation lead to the ionization dynamics that cannot be
captured by standard monochromatic treatment of la-
ser-induced plasma formation. Thus, the proposed model
provided a practical framework for the laser-material
interactions and a better insight into the physics of the
intense ultrafast laser induced ionization". Stuart et al.'*
have shown that if the threshold fluence of a material is
below or of the order of 0.2 J-cm?, photoionization is
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almost completely responsible for the material optical
breakdown regardless of the pulse duration. This was
theoretically confirmed by comparing the laser induced
ionization mechanism in fused silica and Gallium Arse-
nide (GaAs) with the band gap 9 and 1.42 eV respective-
ly">. For 800 nm wavelength laser pulses, decrease in the
pulse duration from 300 fs to 50 fs results a decrease in
electron density contribution due to avalanche ionization
by 20 million times the photoionization density in fused
silica. However, avalanche ionization is a non factor in
total electron density growth, when GaAs is irradiated by
1 ps and 50 fs laser pulses with the same 800 nm wave-
length.

In the above study, Keldysh photoionization rate theo-
ry'* for solids was used to perform the simulations, which
provided a good agreement with experiments of
ultrashort laser pulse propagation in fused silica'>'® and
GaAs". However, analyzing the ionization dynamics and
resulting damage mechanism in sapphire remains a chal-
lenge due to its hardness and wide band gap'®". In addi-
tion, nonlinear laser absorption and filamentation in
sapphire are still very poorly investigated topics, especial-
ly concerning the dynamics of electron density and
breakdown behavior under high-intense ultrafast laser
pulses. There seems to be little research work on sapphire,
and only the mechanism of multiphoton absorption is
theoretically described'®"- Among these, DeSalvo et al.'®
first determined the multiphoton absorption coefficient
by using Z-scan technique and then measured nonlinear
refractive  index refractive  dispersion  through
Kramers-Kronig transformation. Moreover, multiphoton
absorption theory in sapphire has been discussed in de-
tails in the frame work of time-dependent Nth order per-
turbation theory'. However, Keldysh theory is more gen-
eral, non-perturbative theory that can be used for arbi-
trarily large field intensities'>'>". Therefore, it is of great
significance to better understand the phenomenon of
electron density dynamics in sapphire from both theoret-
ical and experimental aspects.
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In this paper we discussed electron density growth by
implementing Keldysh theory in high power picosecond
laser irradiated sapphire. A systematic study has been
realized through the variation of the incident laser energy.
Furthermore, on the basis of Keldysh theory, the esti-
mated laser pulse induced electron density under our
experimental conditions is interestingly far greater than
the critical density required to produce laser-induced
breakdown in sapphire. Therefore, damages were found,
when sapphire was irradiated experimentally under the
same theoretical parameters. Besides, we have also ob-
served that the electron density and length of the filament
increases almost linearly with input laser energy.

Experimental procedure

A picosecond laser system (Edgewave PX-400, Germany)
delivering 10 ps duration pulses at 1064 nm and pulse
repetition rate of 300 kHz was used to carry out the ex-
periments. A schematic drawing of the experimental set-
up used in our experiment is shown in Fig. 1. The pulse
energy of the Gaussian-shaped beam was adjusted to be-
tween 87 uJ and 107 uJ. The beam with a focal spot diam-
eter of ~10 pm (measured by D2 method*’) was focused 1
mm beneath the front surface of the sample. Sapphire
crystal plate of 2 mm thickness was used in the experi-
ments. The work area was monitored using a CCD cam-
era. Afterwards, the filamentary morphology at different
pulse energies was analyzed using a polarizer optical
confocal microscope (Leica DM6M). To support out the
experiments, numerical simulations of the electron den-
sity growth in sapphire were conducted by using Keldysh
theory?!, in which, the significance and behavior of the
photoionization and avalanche ionization along the
propagation were described for the given experimental
parameters using MATLAB scripts.

Results and discussion

By employing the phenomenon of filamentation, the use
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Fig. 1 | Schematic diagram of the experimental setup.
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of high peak intensities of ultrafast laser provides a
unique ability to induce a confined and non-thermal
damage mechanism in the bulk of transparent materials.
When the laser power exceeds the critical power of
self-focusing in sapphire, filamentary propagation of the
laser beam is observed. For Gaussian beam, the critical
power for self-focusing was calculated using the rela-
tion"**** P, = 3.77)A*/8nngn,, where A is the laser wave-
length, 1y and n, are the linear and nonlinear refractive
indices respectively. For sapphire, the critical power at the
wavelength 1064 nm is calculated to be 2.81 MW with
linear and nonlinear index values of 1.78 and 3.40x107%
m?*/W, respectively'®. The corresponding critical energy at
a pulse duration of 10 ps can be calculated as*,E_ ~
\/}72/7 7P =35], where 7 is the pulse duration. A pico-
second (ps) laser system operating at the 1064 nm wave-
length with pulse repetition rate of 300 kHz has the input
energy values of 87 pJ, 93 yJ, 100 pJ and 107 pJ in the ex-
periments. Therefore self-focusing occurred in sapphire
because the values of laser powers and the corresponding
energy chosen in our experiments are all well above the
threshold needed for the self-focusing.

When an optical material is subject to an intense elec-
tromagnetic wave, free-carrier generation occurs due to
photoionization or electron impact ionization and sub-
sequent avalanching. Various laser and material parame-
ters are used to determine the relative role of each process
contributing to the material breakdown. To demonstrate
this in sapphire, the estimated values of the photoioniza-
tion and avalanche ionization electron density achieved
along the propagation for our experimental parameters in
time are shown in Fig. 2(b) with the corresponding laser
intensities shown in Fig. 2(a). The time scale given in the
intensity-time graph is in ps and the intensity interval is
given in both the positive and negative side of such small
interval of time in order to cover the wavelength (vibra-
tional mode) of laser. Figure 2(b) shows the numerical
simulations of electron density growth obtained for 87 yJ,
93 yJ, 100 pJ and 107 pJ laser energies by using Keldysh
theory as described in Ref.'>'>*"**%° Primarily, at the peak
of the pulse, high-intensity photon flux leads to the gen-

eration of free electrons by photoionization process.
However photoionization becomes less important as the
peak passes and electrons excited at the peak serve as
seeds for avalanche ionization. Solid lines correspond to
total electron density, while dotted lines correspond to
photoionization electron density profiles. Based on the
simulation, it is concluded that avalanche ionization plays
an increasingly significant role in the electron density
growth with increasing energy and the maximal electron
density values obtained is in the range of approximately
10*-10% cm™, while the value photoionization rate in the
focal area is in the range 10'°-10" cm™. These values are
approximately 10* orders of magnitude greater in ava-
lanche ionization than what have been obtained in pho-
toionization electron density in the theoretical model.
Since avalanche ionization strongly depends on the laser
intensity, laser intensity was observed to be higher at high
laser energy as described in Fig. 2(a). Therefore, electron
density growth with laser energy is greater in avalanche
ionization as compared to photoionization, as shown in
Fig. 2(c) in a more clear way. However photoionization is
the key process to material breakdown whether providing
critical electron density directly by itself or by seed elec-
trons necessary for avalanche breakdown to occur.
Photoionization refers to the direct excitation of elec-
trons by laser field. Depending on the intensity and fre-
quency of the incident pulse, multiphoton and tunneling
are the two regimes of photoionization. Whether the ion-
ization process occurs through multiphoton or tunneling
regime, was remarkably described by Keldysh adiabatic

parameter y':
w |meneE
T “’

where w is the laser frequency, e is the electron charge, m.
is the electron effective mass, c is the speed of light, » is
the refractive index of material, & is the permittivity of
free space, E, is the band gap, and I is peak intensity of
laser. When Keldysh parameter y falls below 1.5, pho-
toionization corresponds to the tunneling ionization re-
gime. On the other hand, y being above 1.5 corresponds
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Fig. 2 | (a) Laser beam intensity profiles simulation for the energies 87 pJ, 93 pJ, 100 pJ and 107 pJ. (b) Simulation of the significant role ava-
lanche plays after photoionization (PI) introduces “seed" electrons in sapphire when irradiated with different laser energies. (c) Full and PI electron

densities as a function of laser energy.
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to the MPI regime where electrons can be considered to
have time for many oscillations in the binding potential
before being ionized. In addition, the intermediate regime
where both tunneling and MPI contribute, occurs when
the parameter is near or equal to 1.5. Figure 3(a) de-
scribes total photoionization rate, significance and be-
havior of the individual roles of MPI and tunneling ioni-
zation versus intensity using MATLAB scripts. The solid
cyan line in Fig. 3(a) corresponds to the total photoioni-
zation rate. The blue and red lines represent MPI and
tunneling rates respectively. Figures 3(b) and 3(c) give
more clear explanation of the transition regime from MPI
to tunneling ionization relationship with Keldysh param-
eter. It can be seen in Figs. 3(b) and 3(c) that the full rate
only agrees with MPI rate for y >1.5 and solely with tun-
neling rate for y < 1.5. Tunneling and MPI rates overlap
each other at y = 1.5. It is important to note that the ab-
rupt changes in the MPI process causes step like behavior
in the full rate photoionization. This is because the effec-
tive band gap increases as the laser intensity increases,
thereby increasing the number of photons required to

ionize electrons, more clearly shown in Figs. 4(a) and 4(b).

At high laser intensities greater than 10'> W/cm?, the ef-
fective band-gap starts increasing from 10 eV as shown in
Fig. 4(a). Consequently, the number of photons required
for MPI process in sapphire increases from 9 to 10 pho-
ton process and so on (Fig. 4(b)).

In order to investigate the influence of laser pulse en-
ergy on free-carrier generation and filamentation, various

tracks induced in sapphire sample with input laser ener-
gies of 87 pJ, 93 pJ, 100 pJ and 107 uJ were investigated.
This energy range was well above the pulse energy corre-
sponding to the critical power for self-focusing in sap-
phire (35 pJ) and resulting in strong modification of the
beam propagation. The resulted microscopic photographs
corresponding to the structural modification regions as a
function of the input laser energy are shown in Fig. 5(a).
The laser beam propagates from the right to left of the
images. As long as the pulse peak power remains above
the critical power P, there would be a chance for the
diverging beam to refocus again one or more times right
after the geometrical focus.

A closer look at the image (Fig. 5(a)) shows that the
length of the modified tracks is more than 2 mm, which
starts after few-micrometer propagation in the sample
due to high transmission wavelength range and low laser
fluence of the material. As the input laser energy increas-
es from 87 yJ to 107 pJ, the total length of the track ex-
pands from 2.2 mm to 2.3 mm as indicated in Fig. 5(b).
Moreover, one can clearly observe in Fig. 5(a) that each
irradiated track consists of a slightly elliptical irregular
morphology followed by a narrow filamentary track of
constant diameter in the direction of laser beam propaga-
tion.

As the laser beam contracts spatially at the focal region,
its intensity rises and becomes sufficient enough (~10"
W/cm?)° to ionize electrons through multi-photon ab-
sorption followed by avalanche ionization due to which a
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Fig. 3 | (a) Total photoionization, MPI and tunneling ionization rate as a function of laser intensity in sapphire. (b) Enlarge image where MPI and
tunneling ionization rate overlap at a Keldysh parameter of about 1.5. (c) Keldysh parameter as a function of laser intensity in sapphire.

Hm“

10°
102

10"

Effective bandgap (eV

10°
1010 1011 1012 1013 1014 1015

Intensity (W/cm?)

-
o
w

-
o
N

10’

Number of photons

10°
1010 1011 1012 1013 1014 1015

Intensity (W/cm?)

Fig. 4 | (a) Effective bandgap and (b) number of photons required for MPI process as a function of laser intensity in sapphire.
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localized plasma is formed at the focal region. As the
temperature of the exposed region increases further,
plasma causes a large charge separation resulting in high
pressure. As a result, the generation of shock waves oc-
curs which carries matter and energy away from the focal
region, compressing the surrounding material and leaving
a hollow central region termed as void. Hence, the ob-
served structural modifications consisted of an irreversi-
ble well-localized central damage surrounded by an ex-
tended volume of nonpermanent smooth refractive index
changes in the form of cracks, which is consistent with
Ref.’” Note that the strong damage occurred right before
the geometrical focus in which laser scattered signal ex-
tended over the region between the self and geometrical
foci. These results indicated that the on-axis plasma den-
sity near the geometrical focus would be higher than that
at the nonlinear self-focus. Earlier studies have shown
that the electron density level is directly related to the
damage produced in the bulk of the transparent solid, and
its limit was found to be in the range 10*! electrons-cm™."
Numerically, these values of electron density can be at-
tained only through electron avalanches. As shown in Fig.
2, avalanche ionization in the electron density growth
along the filament is higher than that of photoionization
rate. Thus, electron avalanche is shown to play an im-
portant role for bulk material damage in this case.

Figure 5(a) further revealed that an increase in the la-
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ser energy has an impact on the formation and character-
istics of damage track in sapphire. With increase in the
laser energy, the leading point of the damage track moves
towards the laser source direction, resulting in an in-
crease in the length of damage track, as shown in Figs. 5(a)
and 5(b). It is due to the fact that the increase in the laser
energy causes self-focusing to appear earlier which is
consistent with the previous work for fused silica®. This
energy-dependent considerable shift of the linear focus,
owing to self-focusing, toward the laser source was meas-
ured and plotted in Fig. 5(b) as the distance between
sample surface and starting position of the damage track.
Each pulse self-focuses at different point due to the dif-
ference in laser energy, as a result, the start-up position
has changed. This phenomenon was the major reason for
the observed increase in the damage zone length with
increase in laser energy.

Numerically, this behavior can be well described quali-
tatively by a well-known Marburger formula, that is, a
collimated Gaussian laser beam with a radius a (at 1/e?
intensity), wave number k, and instantaneous power P,
self-focuses at a point of collapse L., measured from the
sample input surface*>***";
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Fig. 5| (a) Microscopic images of the laser induced tracks obtained at laser energies 87 pJ, 93 pJ, 100 pJ and 107 pJ (bottom to top) and 12000
number of pulses. (b) Plot of the distance between sample surface and starting point of the modified track, and length of total track, damage zone
and filamentary track as a function of laser energy. (¢) Comparison between the measured (®) and calculated (——) distance between sample

surface and the starting point of the modified area versus pulse energy. (d) Spatial profile of the laser induced tracks diameter along the propaga-

tion path for different energies.
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where P is the critical power for self-focusing in the
medium. Here, the instantaneous peak power is given by
Py, = E;/7, where Ej, is the input energy and 7 is the laser
pulse width. In case of focusing with an external lens of
focal length f, the position of the self-focus shifts to L¢ =
Lf/ (Lc + f). In sapphire, simulation results of the point of
collapse Ly, with experimental data are illustrated in Fig.
5(c). These numerical simulation results are in agreement
with experimentally measured values, showing that in
sapphire sample the damage track starts shifting towards
the sample input face with increasing input laser energy.
Moreover, the modified tracks show that the damage
tracks have become more pronounced in the radial direc-
tion as well with increasing laser energy.

To further characterize its spatial distribution, the di-
ameter of the modified track profiles was measured and
plotted as the function of the propagation distance for
various laser pulse energies as shown in Fig. 5(d). Trans-
versely, the size of the modification tracks appears to in-
crease firstly due to the electron plasma produced by the
pulse as it propagated. With pulse energy at 100 pJ, the
crack diameter expands up to 300 um. A reasonable ex-
planation is that the damage channel diameter is enlarged
by cracks due to high plasma density formation around
the geometrical focus. However, at later the diameter of
the laser-induced damage tracks dropped sharply where it

remains constant till the end of the track. As shown in Fig.

5(a), the narrow filamentary track of constant diameter
~2 um formed along the laser path as a result of nonlinear
laser beam focusing and defocusing is resulted from the
stable incident pulse energy and sensitive to the energy.
At high laser energies, increase in length of the filamen-
tary track was observed, as illustrated in Figs. 5(a) and
5(b). Length of the filamentary track increases in the laser
propagation direction, when laser pulse energy increases
and a maximum of 1036 pm length with 2 um diameter
was observed at energy 107 pJ.

Figure 2 illustrates the dependence of the plasma den-
sity along the filament and around the geometrical focus
on laser intensity and pulse energy. Simulation model
based on the Keldysh theory shown in Fig. 2 and the ex-
perimental observations (Fig. 5) lead to similar conclu-
sion and therefore the structural damage near the geo-
metrical focus is caused by avalanche ionization due to a
large excess of the pulse power over P.. Furthermore,
inspection of the modified zones in Fig. 5(a) brings to
light that for the parameters chosen in our experiments,
the total length of the track, damage track and filamen-
tary track increases with input energy as illustrated Fig.

5(b).

Conclusions

This work aimed to investigate the ionization mechanism
of picosecond laser induced filamentation in sapphire
which is with high refractive index. Experimentally, by

tightly focusing laser pulses, free carriers generation and
plasma formation led to two types of structural changes
in the bulk of sapphire material namely: void like struc-
ture surrounded by cracks and filamentary tracks. By
increasing laser energy, the diameter of the damaged zone
has increased due to the electron plasma produced by
avalanche ionizations, while the diameter of the filamen-
tary track remained unchanged at 2 pm. Based on
Keldysh theory, numerical simulations have confirmed
the significant increase of the electron density growth
with increasing laser energies. However, the increase rate
was observed to be higher in avalanche ionization as
compared to multiphoton ionization. Thus, avalanche
ionization mechanism was found to dominate over
multiphoton ionization. Furthermore, the length of the
damage zone and filamentary track was found to increase
with increasing laser input energy, and a maximum fila-
mentary track length of about 1036 um was observed at
107 pJ energy.
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