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Observation of the complex propagation of a
femtosecond laser pulse in
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Pulse shapes in a dispersive transparent material modulated by group-velocity dispersion, self-phase modula-
tion, and self-focusing induced by a femtosecond laser light were observed directly with femtosecond time-

resolved optical polarigraphy probing the induced instantaneous birefringence.

The first observation of the

state of femtosecond laser pulses about the interaction region inside the transparent bulk material indicated

that the pulse propagation was accomplished with a multiple conelike structure that was hypothesized from a

numerical simulation with an extended nonlinear Schrodinger equation. © 2003 Optical Society of America
OCIS codes: 320.2250, 260.1440, 320.7100, 350.5500, 140.3440.

1. INTRODUCTION

Since the advent of intense femtosecond lasers, the propa-
gation behavior of femtosecond pulses has attracted con-
siderable attention! because various self-modulating lin-
ear and nonlinear effects in the propagation of an intense
femtosecond pulse in a medium must be interwoven with
one another. The effects include the normal and high-
order group velocity dispersion, transverse diffraction,
self-focusing, self-steepening, self-phase modulation, self-
defocusing owing to plasma formation, and multiphoton
absorption.

Over the past decade the propagation of intense femto-
second pulses in gaseous media has been investigated
intensively.2® Localization of the intensity of the pulse
was reported as the formation of the optical filamentation
and splitting of the pulse along the propagation axis. For
observation of this phenomenon, the long-lived gradient
in the refractive index was examined as indirect diagnos-
tics by the schlieren method.® Some authors demon-
strated a direct method of femtosecond time-resolved op-
tical polarigraphy (FTOP) for observing pulse
propagation of a focused femtosecond laser in air.” This
method uses the instantaneous birefringence induced by
the large electrical field of the pulse. Through consecu-
tive femtosecond snapshot images of intense femtosecond
laser pulses propagating in air, ultrafast temporal
changes in the two-dimensional spatial distribution of the
optical pulse intensity were clearly observed.

Recently, bulk modifications of various transparent ma-
terials, e.g., quartz glass, by use of intense femtosecond
laser pulses have attracted much interest®12 because the
laser pulse facilitates easy multiphoton absorption of the
transparent materials with wide bandgaps.!®> These ma-
terials are more dispersive than gaseous media, resulting
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in the more complex propagation of the intense femtosec-
ond laser pulse, assuming plasma formation through mul-
tiphoton ionization and avalanche ionization. Inside the
bulk, where an intense femtosecond laser pulse is focused,
there appear (i) coloration of the transparent material
through the laser-induced formation of color centers and
the laser-induced oxidation-reduction reaction of active
ions of rare-earth elements, transition metals, and heavy
metals, (i1) high-density defects, resulting in a change in
refractive index,® (iii) voids formed by laser-driven
microexplosions,'* and (iv) microcracks caused by optical
breakdown. These structures are attractive for three-
dimensional optical memory,>'? waveguides,'® and photo-
nic crystals®® because of the selective spatial distribution
of the refractive index. Nevertheless, no direct diagnos-
tic technique has been developed for observing the instan-
taneous intensity distribution of the self-modulating
pulse as it propagates in bulk. Indeed, precise inside-
bulk machining will be achieved when we understand
precisely the phenomena of the interactions between the
intense femtosecond laser pulse and the transparent ma-
terial. Then we can control the wave packet of the pulse
to make it suitable for inside-bulk machining by observa-
tion of the instantaneous wave packet.

2. EXPERIMENTAL METHOD

We introduce a general scheme for FTOP in a transparent
bulk material. As shown in Fig. 1, the intense light pulse
to be measured, called the pump pulse, propagates along
the z axis in an isotropic medium. The pump pulse is lin-
early polarized, with its electric field in the x direction. A
probe pulse is introduced and then propagates along the y
axis. The probe pulse is sufficiently weak and has a lin-
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Fig. 1. The pump—probe arrangement of FTOP. The single-
headed arrows indicate the propagation directions of the pulses.
Both pulses are linearly polarized, and the directions of the vi-
brations of their electric fields are indicated by the double-
headed arrows. The anisotropic change of refractive index in
quartz glass is induced by the pump pulse according to its inten-
sity distribution. The probe pulse senses the birefringence, and
its polarization state is altered. @The amount of probe-
polarization change reflects the instantaneous intensity distribu-
tion of the pump pulse.
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Fig. 2. Schematic of the FTOP. The beam from the laser sys-
tem is split into a pump and a probe. The pump, with an elec-
tric field redirected along the x axis, is focused in the quartz
glass. The probe is synchronously irradiated into the glass and
experiences an induced refractive-index change caused by the
large electric field of the pump. For effective extraction of the
pump-intensity information, the direction of the vibration of the
probe’s electric field component perpendicular to the incident
field is extracted by the analyzer after interaction with the
pump-induced birefringence. The extracted probe component is
detected by the CCD camera with a relay lens to produce images
of the instantaneous intensity distribution of the pump.

ear polarization of angle 6§, which represents the direction
of its electric field from the x axis in the xz plane. Each
frequency component is represented by one and the same
frequency value, and this condition can be achieved when
the frequency width is sufficiently narrow that it does not
change the way in which the medium responds. This ap-
proximation is appropriate for a response that originates
from electronic motion without resonance, provided that
the widths of the pulses employed are more than several
tens of femtoseconds. Figure 2 is a schematic of the ex-
perimental setup for FTOP in a quartz glass. Intense op-
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tical pulses (130 fs, 9 mdJ, 10 Hz, 800 nm) of linear polar-
ization with an electric field in the horizontal plane from
a Ti:sapphire amplifier system are split into a pump and a
probe. After the pump beam passes through the variable
optical delay, the direction of vibration of the electric field
is changed to vertical by a half-wave plate; then the beam
is focused into a quartz glass by a plano—convex focusing
lens (f = 60 mm at 632 nm). The diameter and the en-
ergy of the pump beam are reduced from 13 to 3.2 mm
and from ~8 to ~1.4 md, respectively. The quartz glass
moves slowly during the measurement, so damage does
not accumulate at a certain position. Meanwhile, the col-
limated probe pulse synchronously irradiates the area
about the focal point. By the use of the polarizer after
the half-wave plate, the linear polarization angle of the
probe is set to exactly 45° with respect to the horizontal
plane of the optical bench. After the pulse passes
through the interaction region, only the components that
are perpendicular to the polarizer are extracted by the
analyzer. The relay lenses magnify the image, which is
then detected by a CCD camera with a 2.26-um/pixel
scale, corresponding to a 7.5-fs/pixel scale in vacuum.
The energy of the pump pulse is controlled by insertion of
suitable neutral-density filters into the pump path.

3. EXPERIMENTAL RESULTS

Figure 3 shows some of the time-resolved images of
14.8-uJ [Fig. 3(A)] and 135-ud [Fig. 3(B)] pump pulse
propagations in quartz glass. The pump pulse propa-
gates from top to bottom in each image, and time proceeds
from left to right. The numbers at the bottom represent
the time delay from image (a). Each image is integrated
10 times, and the background is subtracted. Figure 3(A)
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Fig. 3. FTOP images of (A) 14.8-uJ and (B) 135-udJ pump pulses

propagating in a quartz glass. The optical pump pulse, which is
the object of the image, propagates from top to bottom.
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Fig. 4. Profiles of (A) 14.8-udJ and (B) 135-ud pump pulse propa-
gations in quartz glass along the propagation axes of the FTOP
images shown in Figs. 3(A) and 3(B), respectively. Time delays
of (b), (¢), (d), (e), and (f) from (a) are 0.8, 1.6, 2.4, 3.2, and 4.0 ps,

respectively.

shows pulse durations 326, 416, 341, 403, 497, 536, and
574 fs. Figure 3(B) shows some of the time-resolved im-
ages of 135-uJ pump pulse propagation in a quartz glass.
The pulse durations of images (a), (b), and (c) are 1.12,
1.17, and 1.23 ps, respectively, which are longer than
those of the 14.8-uJ pump pulse by approximately a factor
of 3 and are also longer than those of the initial pump
pulse by approximately a factor of 10. This pulse broad-
ening is due to the combination of self-phase modulation
induced by the intense femtosecond laser and group-
velocity dispersion. Particularly for the pump energy of
135 wud, FTOP of self-focusing is clearly observed about
the focal point.

Figure 4 shows the profiles of the FTOP images of Fig.
3 along the propagation axis. Profile (a) in Fig. 4(A) is an
ideal profile, like that of an optimal Gaussian pulse,
whereas the pulse peaks in profiles (b)—(e) are found to
shift toward the trailing edge as a result of the self-
steepening effect induced by the intensity dependence of
the group velocity.

All profiles in Fig. 4(B) have remarkable structures at
the top, particularly profile (d), which indicates a sharp
peak at the leading edge. The sharp peak at the leading
edge in FTOP should be evidence of pulse propagation
with a multiple conelike structure, as we discuss below
with a numerical simulation.

4. NUMERICAL SIMULATION

To understand these complicated results better, we nu-
merically simulated the propagation of intense femtosec-
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ond laser pulses inside quartz glass. Figure 5 shows a
schematic of laser propagation for the numerical simula-
tion. The spacing between the input end of the quartz
glass and the linear focal point is 7.5 mm. The shape of
the pulse before it is injected into the glass is assumed to
be that of a hyperbolic-secant pulse in time and a Gauss-
ian profile in lateral space. The beam radius at the input
end is 200 um. Assuming propagation along the z axis,
we model the evolution of the complex envelope E(r, z, t)
of the electric field «(r, z, t) = E(r, z, t)exp(ikgz — iwyt)
with the following extended nonlinear Schrodinger

equation!’ 2’ in a reference frame moving at the group
velocity:
OE i PE 1 PE i (32 1&)
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E is normalized in such a way that |E|? gives an intensity
in watts per square centimeter for convenience. The sec-
ond through the fourth terms on the left-hand side of Eq.
(1) describe the second-order and the third-order group-
velocity dispersion and the transverse diffraction, respec-
tively. The terms on the right-hand side describe the
nonlinear Kerr response of a quartz glass, plasma defo-
cusing, and multiphoton absorption. We have also in-
cluded self-steepening, space—time focusing, and the cor-
rection compensating for the plasma defocusing to
account for the correction beyond the slowly varying en-
velope approximation caused by the shortness of the
pulse.

We choose a laser operating wavelength of \q
= 800 nm, which corresponds to angular frequency w,
= 2.35fs™! and vacuum wave number k2, = 7.85 um™'.
The material parameters used in our simulations for
quartz glass are as follows: pB; = 4.894 um 'fs, B,

¥
N e(r,5,t) = E(r, z,1)exp(ikyz = iw )
Quartz glass

A=800 nm
Hyperbolic-secant pulse (t,=130fs)

Gaussian beam (7,=200um)

Fig. 5. Schematic of laser propagation for the numerical simu-
lation.
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Fig. 6. Simulated spatiotemporal profiles of the laser intensity at several propagation distances z for an input energy of 135 udJ.

= 0.034 um 'fs?, no= 14533, and n,= 2.66
X 107 cm?/W. Critical electron density p. for X\,
= 800 nm is 1.74 X 10?! cm ™2, and the initial electron
density p, in the valence band is 2.23 X 10?2 cm™2. pis
the density of electrons produced through six-photon
band-to-band transitions, as the bandgap is 9.0 eV.
Cross section o for the process is evaluated from Keldysh
theory to be 2.6 X 10780 s° cm!2.2! Equation (1) is com-
bined with an equation for the density of electrons pro-
duced through multiphoton band-to-band transitions:

ap <|E|2)6 5
. | frag (po — p). (2)

The numerical scheme for solving Eq. (1) is based on the
split-step Fourier method.?? The diffraction term is
treated by the Peaceman—Rachford method.?®> The non-
linear terms as well as Eq. (2) are integrated by the
Runge-Kutta method. We verified the numerical results
by doubling the space and time resolution, which led to no
significant change in the behavior of the results presented
here.

Figure 6 illustrates the spatiotemporal laser intensity
profile at several propagation distances z for the input en-
ergy of 135 wd obtained under the initial boundary condi-
tions that are similar to those in the experiments. By z
= 3200 um, the pulse energy is concentrated near the
beam axis as a result of the self-focusing effect induced by
the intensity-dependent refractive index, and the pulse
peak is shifted toward the trailing edge because of the
self-steepening effect induced by the intensity depen-
dence of the group velocity. As the self-focusing proceeds
and the local intensity increases further, free (plasma)

8
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Reconstructed FTOP signal (a.u.)

Time (fs)
Fig. 7. Reconstructed FTOP signal at 4200 um.

electrons are produced through multiphoton absorption.
Because the plasma formation has a negative effect on the
refractive index, defocusing occurs near the trailing edge
(z = 3300 um) and results in the formation of a conelike
structure (z = 3400 um). Atz = 3400 um, we can see
that a second cone begins to be formed outside the first
cone. With pulse propagation, more and more cones are
formed, resulting in the formation of a multiple conelike
structure at z = 4200 um. It can also be seen that the
pulse is temporally split near the axis.

We may define a self-trapping power P, (P,
= A\2/2mnon,) as the power for which the wave-front cur-
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vature that is due to diffraction is exactly compensated
for by the wave-front curvature that is due to self-
focusing, where )\, denotes the laser wavelength, n is the
linear refractive index, and n4 is the nonlinear refractive
index. At a power P smaller than P, the pulse propa-
gation is essentially linear. When the power is slightly
higher than P (as much as several times P.), various
phenomena such as filamentation and pulse splitting ap-
pear. In the present case, the self-trapping power for
quartz glass is a power of 2.2 X 10® W, whereas a pulse
with a duration of 130 fs and an energy of 135 wd trans-
lates into a power of 10° W. 1In such a case the self-
focusing effect is so dramatic that a local intensity maxi-
mum can absorb a large amount of energy from its direct
vicinity and form another local intensity maximum out-
side it. Repetition of this procedure leads to the multiple
conelike structure shown in Fig. 6. We can see more
than 14 cones in the pulse. Thus the multiple conelike
structure is a new feature that emerges only when the
pulse power is orders of magnitude higher than P... In
this regime the evolution of the spatiotemporal beam pro-
file is dominated largely by the nonlinear Kerr response
and plasma defocusing. Self-steepening and space—time
focusing, which play important roles when the pulse
power is slightly higher than P, have only small effects
on the profile. It is also striking that the multiple cone
formation is completed during a short interval of several
hundreds of micrometers and that this structure propa-
gates stably over 1 mm.

Now that we have a spatiotemporal intensity profile at
each propagation distance, we can calculate a FTOP sig-
nal, which is expected to be observed. We show this cal-
culated FTOP signal at z = 4200 um in Fig. 7. In this
figure the main features observed in experimentally ob-
tained FTOP signals (Fig. 4), such as a peak near the
leading edge and a shoulder near the trailing edge, are re-
produced very well. These reproduced features suggest
pulse propagation with a multiple conelike structure. As
discussed in Ref. 24, the captured images in FTOP experi-
ments mean instantaneous intensity distribution of the
pump pulse. However, we note that the experimental
data are integrated unavoidably along the y direction.
Therefore the effect of the projection onto the plane par-
allel to the detector, although it is common for each case
for image detection, makes it difficult to observe the pulse
propagation with a multiple conelike fine structure seen
in the theoretical plot, whereas we would rather find the
integrated image of the pulse propagation along the y di-
rection with a resolution of ~18 fs, which is limited by the
numerical aperture of the imaging lens used in this study.
If the incident angle of the probe pulse to the pump pulse
is variable, we might obtain evidence of pulse propagation
with a multiple conelike fine structure from a comparison
of experiments with different angles of the probe pulse.

5. CONCLUSIONS

In conclusion, modulated pulse shapes in a quartz glass
were observed directly with femtosecond time-resolved
optical polarigraphy probing the induced instantaneous
birefringence. The first observation of the state of a fem-
tosecond laser pulse about the interaction region inside
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the transparent bulk material indicated complicated
propagation of the pulse, with a sharp peak at the leading
edge owing to the combination of normal and high-order
group-velocity dispersion, transverse diffraction, self-
focusing, self-steepening, self-phase modulation, and self-
defocusing that results from multiphoton ionization and
plasma formation.

The FTOP image of the pulse was also reproduced well
by a numerical simulation with an extended nonlinear
Schrodinger equation, such as a peak near the leading
edge and a shoulder near the trailing edge. The numeri-
cal simulation also suggested pulse propagation with a
multiple conelike structure.
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