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Multiple foci and a long filament are observed when we focus a femtosecond laser pulse into a fused-silica

sample.

The dependences of the intensity distribution of the plasma luminescence on the pulse energy and

the numerical aperture (NA) of the focusing objective are investigated. Multiple foci are observed when NA

of =0.65.
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Theoretical and experimental investigations of the
nonlinear propagation of an ultrashort laser pulse
through a transparent medium have been the subjects
of numerous studies in the past three decades, because
nonlinear propagation is accompanied by many inter-
esting phenomena, such as changes in the temporal,
spatial, and spectral properties of the laser pulse. For
femtosecond pulses, pulse propagation in filaments
with lengths of tens of meters in air,!~% supercontin-
uum generation,’ pulse splitting,® conical emission,??
and refocusing® were observed. In a dielectric solid,
the filament that is formed can possibly be used for
applications such as waveguides,”® three-dimensional
optical storage,” and microfabrication.’” However, to
our knowledge, the interaction between a single fo-
cused femtosecond pulse and a condensed medium has
not been studied systematically, and so it is necessary
to investigate the propagation characteristics and the
corresponding fundamental nonlinear dynamics.

In this Letter the behavior of single focused fem-
tosecond pulse propagation in fused silica is studied in
detail. The phenomenon of multiple foci was clearly
observed. The dependences of multiple foci on the
pulse energy and the numerical aperture (NA) of
the microscope objective were studied. Instead of
refocusing, a filament occurred when the NA of the
objective was greater than 0.85. To interpret the
experimental results, Wagner et al.!' solved the non-
linear Schriodinger equation with a method that had
been used in self-trapping, taking into consideration
multiphoton ionization, plasma absorption, and de-
focusing by plasma. Compared with this numerical
simulation of the nonlinear Schridinger equation, our
analysis gives a clearer picture of pulse propagation
in a transparent medium, which is analogous to the
movement of a classical particle in a potential well.

A Ti:sapphire chirped-pulse-amplification laser with
a pulse duration of 120 fs and a wavelength of 800 nm
was used in our experiment. The repetition rate of
the laser was 10 Hz. Figure 1 shows a schematic of
the experimental setup. Interaction of a single pulse
with the fused silica was achieved with a shutter dur-
ing the exposure time of the CCD camera. We em-
ployed a spatial filter to obtain a high-quality beam.
We chose objectives with NAs of 0.15, 0.40, 0.65, and
0.85 to focus the laser. The surfaces of the fused-
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A long filament tail is formed instead of multiple foci when the NA is 0.85.
of femtoseond pulse propagation is given by a model based on the nonlinear Schridinger equation.

A physical image
© 2002

190.5530, 190.7110, 220.4000, 320.7130.

silica sample were polished, and the size of the sample
was 5 mm X 5 mm X 3 mm. The energy of the input
laser pulse was monitored by a calibrated photodiode.
The plasma luminescence was imaged on a CCD cam-
era by another objective. The intensity of the plasma
luminescence could be qualitatively characterized by
the intensity distribution of the incident pulse in the
focal region,® so the multiple peaks of the intensity of
the plasma luminescence reflect the refocusing effect
of the laser beam.

Figures 2—4 show the images and the on-axis in-
tensity distributions of the plasma luminescence when
objectives with NAs of 0.15, 0.40, and 0.85 were used
to focus the laser pulse with different input energies.
The measured waist, wg, of the laser beam with ob-
jectives of NA 0.15, 0.40, and 0.85 is approximately
2.8, 1.3, and 1.0 um, respectively, and the correspond-
ing Rayleigh lengths are approximately 30.8, 9.5, and
5.5 um.

For all the objectives, when the pulse energy is lower,
there is only one focus, as shown in Figs. 2(a), 3(a), and
4(a). As the energy is increased, a second focus ap-
pears for 0.15 and 0.40 NA, as shown in Figs. 2(b) and
3(b), respectively. For 0.40 NA, a third focus appears
as the energy is increased more, as shown in Figs. 3(c)
and 3(d). When the 0.65-NA objective is used to fo-
cus the beam, the resulting images of the plasma and
the on-axis intensity distribution of plasma lumines-
cence are similar to those shown in Fig. 3. However,
for the 0.85 NA, there is not multiple foci but a long
filament at a higher pulse energy, as shown in Fig. 4.
In Fig. 2, the distance between two peaks is 15 um,
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Fig. 2. Photomicrographs and on-axis relative intensities
of the plasma luminescence at different pulse energies:
(a) 0.80 ud, (b) 140 ud, (¢) 1.61 wd. The NA of the ob-
jective is 0.15.

Fig. 3. Photomicrographs and on-axis relative intensities
of the plasma luminescence at different pulse energies:
(a) 0.27 ud, (b) 0.35 ud, (c) 0.55 ud, (d) 0.95 ud. The NA
of the objective is 0.40.

which is smaller than the distance between two peaks
in Fig. 3(b), which is 23 um. In Figs. 3(c) and 3(d), the
distance between the first and second peaks is smaller
than that between the second and third peaks. It is
clear that the filaments move upstream with higher
input-pulse energy in Figs. 2—4, which indicates that
self-focusing is important for a NA with an objective
of =0.85.

The underlying physical mechanism for the filamen-
tation is the dynamic competition between self-focus-
ing by the Kerr effect and defocusing by the plasma. A
physical model was developed for intense pulse propa-
gation in fused silica, which was studied previously for
laser-induced breakdown and propagation in gas'? and
air.’
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Equation (1) is the nonlinear Schriédinger equation
including the effects of self-focusing, multiphoton

absorption, group-velocity dispersion and absorption,
and defocusing by the plasma. Equation (2) is a
coupled equation that comes from the Drude model.
E(r, z, &) is the electric field envelope expressed in the
retarded coordinate system; & = ¢ — z/vg; vg is the
group velocity; and w and |E|? are the frequency and
the intensity of the laser, respectively. Also, & =
nyw/c, k' = 02k/dw?, p is the electron density, o
is the cross section for the inverse bremsstrahlung,
o = (ke27") [{wm,€o[1 + (w7)2]},' the electron collision
time 7' = 1.0 X 10" %5 s, and 8% is the K-photon ab-
sorption coefficient. The critical power for self-focus-
ing is P, = 0.1591¢2/npne.t* The parameters of our
samples are np = 1.46, K =6, ng = 2.5 X 107 cm?/W,
and B©® = 6.1 X 107% cm! W6,

To get semianalytical solutions of Egs. (1) and (2) for
a clear image of femtosecond pulse propagation, we ne-
glect group-velocity dispersion, avalanche ionization,
and electron recombination, and paraxial approxi-
mation is adopted. The electron density can be
approximated to an integration to the peak of
the pulse,” p(¢) = [g(§)BPIE|?*]/(K hw), where
g(&) = 0.5(€min + &) and &y is a cutoff determined
by the initial pulse. The loss was not considered, for
simplicity. So the dependence of the spot size of beam
a on the distance of propagation, z, can be deduced
from Egs. (1) and (2) by the method introduced in
Ref. 11:

k (da\? _
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Fig. 4. Photomicrographs and on-axis relative intensities
of the plasma luminescence at different pulse energies:
(a) 0.24 ud, (b) 0.64 ud, (c) 0.92 ud.
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Fig. 5. Profiles of the potential well in Eq. (4) with
different focal lengths and single-pulse input energies:
(a) f = © (solid curve), f = 3 cm (dashed curve), f = 2 cm
(dotted curve), and f = 1 cm (dashed—dotted curve). Ini-
tial beam radius ao = 0.01 e¢m, Py, = 10P,.. (b) Py, = 8P,
(dashed curve), P, = 3P, (dotted curve), and P, = P,
(dashed—dotted curve). Initial beam radius ayp = 0.01 cm,
f =3cm.

where 7 = £/719, P;, is the peak input power, and qg is
the initial beam radius.

Equation (3) shows that the relationship between
the spot size of the beam and the distance of propa-
gation is the same as the dependence of the position
of a classical particle on the time variable when it is
moving in a potential well. The profiles of the poten-
tial well with different NAs of the objective are shown
in Fig. 5(a).

We can take the beam radius, a, as the position of
the particle, in which case (k£/2) (da/dz)? is the kinetic
energy of the particle and the initial kinetic energy
of the particle is (ka¢?)/(2f?%). From Eq. (4), it can be
deduced that, if (ka¢?)/(2f%) > |V (a0, 7)|, the potential
profiles cross at two points in the line with zero po-
tential. That the profiles cross means that the par-
ticle will oscillate in the potential well and the position
of particle, that is, the beam radius, a, will undergo
oscillation, shown as f = o, f = 2 cm, and f = 3 cm
in Fig. 5(a). Otherwise, (kao?)/(2f?) > |V (ao, 7)|, and
the particle will reach the minimum position first and
then escape to infinity. This means that the beam ra-
dius will focus and then diffract, shown as f = 1 cm.
As we know, the NA of the objective is ao/(f2 + ag2)Y/2.
Thus we can get a critical NA, N, from (ka¢?)/(2f?) =
(EN&2)/(2 — 2N2) = V(ag, 7). Ifthe NA of the objec-
tive is larger than N¢., no oscillation behavior occurs.
As the NA is smaller than N, the radius of the beam
will oscillate.

Figure 5(b) shows the profile of the potential well
with different input energies. For P, = 8P. and
P;,, = 3P, the profiles cross at two points on the
zero potential line, so the particle will oscillate, and
this oscillation shows a refocusing effect of the laser
beam. However, for P,, = P.., the beam is focused
once and is then diffracted. Furthermore, from
Fig. 5(b), we find that the higher the input energy of

the pulse, the shorter the cycle of beam oscillation,
which could explain the unequal space among the
peaks in Figs. 3(c) and 3(d). In Fig. 3(c), the distance
between the second and the third peaks is larger than
that between the first and the second peaks because
of energy attenuation resulting from the multiphoton
ionization and absorption of the plasma.

In summary, multiple foci have been observed when
we focused a single femtosecond laser pulse into fused
silica. The dependences of refocusing on the pulse
energy and the NA of the microscope objective were
studied. When the input-pulse energy was lower, the
beam was focused only once during pulse propagation
for all the objectives. As the power of the incident
pulse was increased, the beam took on multiple foci
behavior for objectives with NAs of 0.15 and 0.40. A
filament was formed instead of multiple foci for an
objective with a NA of 0.85 or larger. A model in
which the propagation is analogous to the movement
of a classical particle in a potential well represents a
qualitative explanation of the experimental results.
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