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Filamentation and temporal reshaping of a femtosecond pulse in fused silica

Zhaoxin Wu, Hongbing Jiang,* Quan Sun, Hong Yang, and Qihuang Gong†

Department of Physics & State Key Laboratory for Mesoscopic Physics, Peking University, Beijing 100871, People’s Republic o
~Received 9 May 2003; published 23 December 2003!

The filamentation of a focused femtosecond pulse in fused silica was systemically investigated both experi-
mentally and numerically. We observed the different filamentation of a laser pulse under different external
focusing conditions and input energy experimentally. For instance, a focused femtosecond laser pulse with an
energy of 3.3mJ induced a long electron plasma filament for an effective numerical aperture~NA! of 0.01 of
focusing objective, an electron plasma filament with two-foci structure for 0.04 effective NA, and a short
filament for effective NA of 0.09. In theory, the numerical results of the extended nonlinear Schro¨dinger~NLS!
equation agreed with experimental results under different focusing conditions and energy. Moreover, under
different focusing conditions we found the filamentation is connected with different temporal reshaping be-
haviors, and the temporal compression of the reshaped laser pulse in propagation is responsible for the two-foci
structure of an electron plasma filament.

DOI: 10.1103/PhysRevA.68.063820 PACS number~s!: 42.65.Jx, 42.65.Sf, 42.25.Bs, 42.65.Re
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I. INTRODUCTION

Filamentation and propagation of a laser pulse is one
the most fundamental nonlinear optical processes, and
recent development of sources of intense femtosecond
pulses has added many interesting twists to this lo
standing problem. For instance, the laser pulse with 10
duration and intensities limited to 1013 W/cm2 form the long-
range filament in the atmosphere@1–5#. This phenomenon
results from the dynamical competition between the s
focusing~SF! and defocusing of electron plasma. For inp
powers that are above the critical powerPcr for SF, the laser
beam focuses over a finite distance and undergoes c
strophic collapse according to the steady-state theory of
In fact, the on-axis beam intensity increases through this p
cess until multiphoton ionization occurs@6#. The induced
electron plasma defocuses the beam and arrests the
strophic collapse of the beam by SF. At powers around c
cal, the balance between SF and defocusing of elec
plasma can result in the long-range filament.

In conjunction with the research on filamentation of
femtosecond laser pulse in air, the propagation of a fem
second laser pulse in transparent solid, such as fused s
glass, and sapphire, was studied@7–9#. This propagation is
more complex than that in air. Besides the defocusing
electron plasma, other processes can also arrest the
strophic collapse of a laser beam by SF. For instance,
combined effect of SF and normal group velocity dispers
~GVD! leads to pulse splitting, which limits the collapse
the laser pulse@8,10,11#. In the literature@7#, under soft fo-
cusing condition a long self-guide light channel was o
served as a single laser pulse was focused into fused silic
a lens of 8-mm focal length, and a corresponding long fi
ment induced by a light channel was attributed to the sa
mechanism as that in air, that is, the dynamic balance
tween multiple photon ionization~MPI! and SF. In our pre-

*Email address: hbjiang@pku.edu.cn
†Email address: qhgong@pku.edu.cn
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vious study@12#, however, the filamentation of a focuse
ultrashort laser pulse in fused silica was found to be qu
different under the different focusing condition. Under a tig
focusing condition, using a higher numerical aperture~NA!
objective, the investigation of nonlinear propagation and fi
mentation of focused ultrashort laser pulses is a more imp
tant subject because it is widely used in the application of
bulk transparent material processing and micromachin
@13,14#. However, the dynamic of propagation and filame
tation of an ultrashort laser pulse in transparent solid me
has not been studied systematically under different focus
conditions.

In this paper, the nonlinear propagation and filamentat
of a focused ultrashort laser pulse under different focus
conditions in fused silica were investigated both experim
tally and numerically. We observed that a filament induc
by an ultrashort laser pulse takes on a long filament when
effective NA of the focusing objective is 0.01. In the case
the focusing objective with effective NA 0.04 and an inp
pulse energy of 3.3mJ, the induced plasma filament exhibi
the two-foci structure, and for the focusing objective wi
effective NA 0.09, the induced plasma filament shows a sh
filament. Results of numerical simulation for the extend
nonlinear Schro¨dinger ~NLS! equation involving the self-
focusing effect, temporal dispersion, impact ionization, a
MPI are found to be in good agreement with experimen
results. The numerical results suggest the clear dynamic
cesses of nonlinear propagation of a focused ultrashort l
pulse under different focusing conditions in fused silica, a
reveal the temporal reshaping of the pulse under differ
focusing conditions. They show that the ultrashort laser pu
temporal reshaping is closely connected with filamentati
As for an induced plasma filament with two-foci structur
the second focus in the filament directly results from t
temporal compression of the reshaped pulse.

II. EXPERIMENT SETUP AND RESULTS

A Ti:sapphire chirped pulse amplification laser with
pulse duration of 120 fs and a wavelength at 800 nm w
©2003 The American Physical Society20-1
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FIG. 1. Experiment setup.
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used in our experiment. The repetition rate of the laser is
Hz. Figure 1 gives the schematic of the experimental se
The interaction of a single pulse with the fused silica w
studied and the single laser pulse was chosen by an e
tronic shutter during the exposal time of the CCD camera
spatial filter was employed to obtain the high beam qua
The objective (43) with NA of 0.15 was chosen to focus th
laser beam. The energy of the input laser pulse was m
tored by a calibrated photodiode. The laser beam was c
mated by the lens after the pinhole with focal lengths of
cm, 40 cm, and 100 cm, which obtained the different foc
ing condition. Plasma luminescence was imaged on a C
camera by objectiveB. By adjusting the compressor gratin
separation to compensate the temporal chirp induced b
polarizer, lenses, and focusing objective, the pulse dura
was minimized to be 300 fs at the focal region of the obj
tive lensA.

In the experiment, we use the effective NA to describe
geometric focusing effect of the objective. For a given o
jective, its effective NA will vary with the radius of the col
limated laser beam in the input aperture of the objecti
When the lenses with focal lengthf 520 cm, f 540 cm, and
f 5100 cm were used to collimate the laser beam, the w
of the laser beam at the focal region was measured to be
mm, 6.1 mm, and 2.8mm, respectively. The correspondin
effective NA of objectiveA was calculated to be 0.01, 0.0
and 0.09, respectively.

Figures 2~a!–2~c! show the images of plasma lumine
cence induced by the ultrashort laser pulse using focu
objectives with an effective NA of 0.01, 0.04, and 0.09,
spectively. The input energy of the pulse is 2.1mJ. The laser
beam was incident from left to right. Figure 2~a! shows a
long electron plasma filament and Figs. 2~b! and 2~c! show
the short filaments and the corresponding on-axis rela
intensities of plasma luminescence. When the energy of
laser pulse is increased to 3.3mJ, the corresponding plasm
filaments are shown in Figs. 3~a!, 3~b!, and 3~c!. In Figs.
3~a!, 3~b!, and 3~c!, the corresponding on-axis relative inte
sities of plasma luminescence were also presented. Fo
case of 0.01 effective NA, Fig. 3~a! show a longer plasma
filament; for the case of 0.04 effective NA, Fig. 3~b! shows a
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filament with two-foci structure; and for the case of 0.0
effective NA, the filament takes on one peak structure in F
3~c!. Figure 4 shows the damaged track for the case of F
3~b!, which was observed by an optical microscope~Olym-
pus IX70!.

III. NUMERICAL RESULTS AND DISCUSSIONS

In order to analyze and understand the mechanism of n
linear propagation of a focused ultrashort laser pulse in fu

FIG. 2. Photomicrographs and the on-axis relative intensities
plasma luminescence. The energy of the pulse is 2.1mJ. The effec-
tive NA of the objective is~a! 0.01,~b! 0.04, and~c! 0.09. The laser
pulse is incident from left to right.
0-2
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silica, we start with a physical model, which was develop
for the intense pulse propagation in fused silica@7,12#, gas
@15#, air @16#, and water@17#,

S i2k
]

]z
1¹'

2 DE5kk9
]2E

]j2 2 iks~11 ivt!rE

2 ikbKuEu2K22E22kk0n2uEu2E,

~1!

]r

]j
5

1

n2

s

Eg
ruEu21

b (K)uEu2K

K\v
2

r

t r
. ~2!

Equation~1! is the (3D11)-dimensional NLS equation
including GVD, absorption, and defocusing by the plasm
multiphoton absorption~MPA!, and the effect of SF. Equa
tion ~2! is a coupled equation which comes from the Dru
model, considersing avalanche ionization, MPI, and elect

FIG. 3. Photomicrographs and the on-axis relative intensitie
plasma luminescence. The energy of the pulse is 3.3mJ. The effec-
tive NA of the objective is~a! 0.01, ~b! 0.04, and~c! 0.09.

FIG. 4. Photograph of the damaged track viewed by an opt
microscope under the same condition as Fig. 3~b!.
06382
d

,

n

recombination.E(r ,z,j) is the eletric-field envelope ex
pressed in the retarded coordinate system,j5t2z/vg , vg is
the group velocity,v anduEu2 are the frequency and intensit
of a laser, k5nv/c, k95]2k/]v25360 fs2/cm in fused
silica @18#, r is the electron density,s is the cross section fo
inverse bremsstrahlung, ands5(ke2t8)/$vme«0@1
1(vt8)2#%52.78310218 cm2 @7,16#. b (6)56.1310263

cm11W26 is the K-photon absorption coefficient@19#. The
band-gap energy of fused silica isEg59.0 eV @14#, yielding
a number of photonsK56. The critical power for SF isPcr

50.159l0
2/nn2 @16#, n51.46, andn252.5310216 cm2/W

@18#. The characteristic timet r5150 fs in fused silica is used
to describe the electron recombination@20#. Equations~1!
and ~2! are assumed to be cylindrical symmetry.

Equation~1! was solved by the alternating direction im
plicit method ~ADI !, which is a general finite-difference
method to solve the multiple dimensional partial differen
equation numerically and is recognized as conditionl
stable. The initial conditions for numerical simulation a
from our experiment. The pulse duration is 300 fs, and ini
pulse energies are 3.3mJ and 2.1mJ, corresponding to pow
ers Pin53.1Pcr and 2.0Pcr . It is assumed that the initia
laser pulse keeps Guassian shape in space and time, s
initial electric field envelope has the form

E~0,r ,j!5A 2Pin

pa2~0!
expS 2

r 2

a2~0!
2

j2

t0
2 2

ikr 2

2 f D ,

wherea(0) is the initial radius of the laser beam. Here w
chose the radius of laser beam at the entrance surface o
sample asa(0). f is the distance between the entrance s
face of the sample and the focus of the laser beam in
fused silica. NA can be expressed bya(0)/Af 21a(0)2.

Figures 5, 6, 7, 8, 9, and 10 show the numerical results
solving Eqs.~1! and~2! numerically. Figures 5~a!–5~c! show
the 3D electron plasma filaments and the profile of on-a
electron density of the filaments for the input pulse energy
2.1 mJ (Pin52.0Pcr) under the same focusing conditions
those in Figs. 2~a!–2~c!. Figure 5~a! shows the long electron
plasma filament and Figs. 5~b! and 5~c! show the short fila-
ment, which agrees well with the experimental results
Figs. 2~a!–2~c!. Figures 6~a!–6~c! show the 3D electron
plasma filaments and the profile of on-axis electron den
of filaments for the input pulse energy of 3.3mJ (Pin
53.1Pcr) under various focusing conditions as Fig. 3. Fi
ure 6~a! show a long plasma channel for the case of 0
effective NA. For the case of 0.04 effective NA, the electr
plasma filament takes on a two-peak structure, shown in
6~b!. Figure 6~c! gives the numerical simulation of an ele
tron plasma filament for the 0.09 effective NA. These n
merical results agree well with the experimental resu
shown in Fig. 3.

For the case of 0.01 effective NA andPin53.1Pcr , Fig.
7~a! shows the on-axis maximum intensity along propagat
direction corresponding to Fig. 6~a!. For the input powerPin
that is above the critical powerPcr of self-focusing, steady-
state theory predicts that the pulse will undergo catastrop

f
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WU et al. PHYSICAL REVIEW A 68, 063820 ~2003!
collapse@21#. When the effective NA is small, the laser pul
propagates a long distance before reaching the focus o
laser beam. The self-focusing and GVD play a signific
role in propagation. The catastrophic collapse of the la
pulse will be arrested by the temporal splitting of the pul
which results from the combined effect of self-focusing a
GVD @8,10,11#. Figure 7~b! ~solid line! shows the tempora
splitting pulse at the position ofz5800mm. The temporal
splitting leads to the change of on-axis intensity and indu
electron plasma density, which are shown in Figs. 7~a! and
6~a!. The split pulse was temporally compressed by the ef
of self-focusing@20#, reached a much higher intensity at th
position z51200mm, and then decayed, as shown in F
7~a!. Figure 7~c! shows the temporal profile of the pulse at
different position in propagation.

When the effective NA of the objective is 0.04 andPin
53.1Pcr , Fig. 8~a! shows on-axis maximum intensity alon
propagation direction corresponding to Fig. 6~b!. The large

FIG. 5. Numerical results of 3D and on-axis distribution of ele
tron plasma density induced by an ultrashort laser pulse in pro
gation. The input pulse power isPin52.0Pcr and pulse energy is
2.1 mJ. The effective NA is~a! 0.01,~b! 0.04, and~c! 0.09, respec-
tively.
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effective NA of the objective means that the laser pu
propagates a short distance before reaching the focus.
high intensity near the focus can ionize fused silica and le
to a prompt increase of electron plasma density. MPA a
absorption of the induced electron plasma by MPI and a
lanche ionization, instead of the pulse-splitting by SF a
GVD, stop the catastrophic collapse of the laser beam by
and limit the increase of intensity of the laser pulse by se
focusing and geometric focusing. The electron plasma g
erated by the leading edge of the pulse defocuses the rem
der of the pulse because of the negative refractive index
plasma. This would lead to the decrease of on-axis la
intensity and electron plasma density. As a result, the fi
focus of the laser beam is formed in propagation, shown
Figs. 8~a! and 6~b!. The solid, dotted, and dashed profiles
Fig. 8~b! show that the pulse was shortened by the defoc
ing of the trail edge of the pulse. Figure 8~b! ~dotted-dashed
line! shows that the pulse exhibits a two-pulse profile te
porally. The leading peak, occurring at earlier time, is
rectly associated with the single peak in Fig. 8~b! ~solid,
dotted, dashed line!, and the trailing peak develops out of th

-
a-

FIG. 6. Numerical results of 3D and on-axis distribution of ele
tron plasma density induced by an ultrashort laser pulse in pro
gation. The effective NA is~a! 0.01,~b! 0.04, and~c! 0.09, respec-
tively. The input pulse powerPin53.1Pcr and the energy of the
pulse is 3.3mJ.
0-4
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background. Owing to the decrease of on-axis electron d
sity, the defocused trailing edge of the pulse in the spa
domain refocuses again by SF, which results in the forma
of the trailing peak in the temporal domain. The leadi
pulse in the temporal domain decays owing to multiple p

FIG. 7. ~a! On-axis maximum intensity as functions of propag
tion distance corresponding to Fig. 6~a!. Temporal profiles of the
pulse at position of~b! z5640mm ~dotted line!, 800 mm ~solid
line! and ~c! z51120mm ~dotted line!, 1440mm ~solid line!. The
energy of the pulse is 3.3mJ. The effective NA of the objective is
0.01.
06382
n-
al
n

-

ton absorption~MPA! and absorption by plasma, but th
trailing pulse in the temporal domain continuously increa
and refocuses because the defocused trailing edge of
pulse is converged by self-focusing, shown in Fig. 8~c! ~dot-

FIG. 8. ~a! On-axis maximum intensity as functions of propag
tion distance corresponding to Fig. 6~b!. Temporal profiles of the
pulse at position of~b! z540mm ~solid line!, 64 mm ~dotted line!,
68 mm ~dashed line!, 68 mm ~dashed line!, 80 mm ~dotted and
dashed line! and ~c! z5120mm ~dashed line!, 160 mm ~dotted
line!, 200 mm ~solid line!. The energy of the pulse is 3.3mJ. The
effective NA of the objective is 0.04.
0-5
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ted line and dashed line!. This dynamic process is similar t
the model of ‘‘dynamic spatial replenishment,’’ which wa
used to describe the nonlinear propagation of a femtosec
laser pulse in air@16#. Moreover, the trailing pulse was tem
porally compressed to a few femtoseconds by self-focus

FIG. 9. ~a! On-axis maximum intensity as functions of propag
tion distance corresponding to Fig. 5~b!. Temporal profiles of the
pulse at position of~b! z528mm ~dashed line!, 40 mm ~dotted
line!, 48 mm ~solid line!, and ~c! z560mm ~dashed line!, 80 mm
~solid line!. The energy of the pulse is 2.1mJ. The effective NA of
the objective is 0.04.
06382
nd

g

and MPI @20,22–24#, shown in Fig. 8~c! ~solid line!. The
shortened trailing pulse reaches higher intensity, which le
to the second peak in the plasma filament at last, show
Fig. 6~b!, and this is the reason why the two-peak structu
occurs in the nonlinear propagation and filamentation in F

FIG. 10. ~a! On-axis maximum intensity as functions of prop
gation distance corresponding to Fig. 6~c!. Temporal profiles of the
pulse at position of~b! z580mm ~dashed line!, 88 mm ~solid line!
and ~c! z5100mm ~dashed line!, 120 mm ~solid line!. The energy
of the pulse is 3.3mJ. The effective NA of the objective is 0.09.
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8~a!. For a lower input power,Pin52.0Pcr , Fig. 9~a! shows
the on-axis maximum intensity along the propagation dir
tion corresponding to Fig. 5~b!, which is quite different from
the case ofPin53.1Pcr . The lower power of the pulse gen
erates less electron plasma, and not enough energy o
pulse is defocused spatially by the electron plasma. Then
trailing pulse is temporally formed with lower intensity an
the pulse duration cannot be compressed by SF and MP
its lower intensity, which are shown in Figs. 9~b! and 9~c!.
So only one focus in propagation is formed, shown in Fi
5~b! and 9~a!.

Both Figs. 7~b! ~solid line! and 8~b! ~dotted-dashed line!
show the double- pulse profile, but they are different. T
former results from the interaction between SF and nor
GVD, and the two pulses develop simultaneously. The la
comes from interaction between SF and the defocusing
electron plasma for the trailing edge of the pulse, and
leading pulse develops first, followed by the trailing puls
These show the different dynamic processes of nonlin
propagation for effective NA 0.01 and 0.04, and lead to
different filamentation, shown in Figs. 6~a!, 6~b!, 7~a!, and
8~a!.

As for the higher effective NA of objective 0.09 andPin
53.1Pcr , Fig. 10~a! shows on-axis maximum intensit
along the propagation direction corresponding to Fig. 6~c!.
The dynamic process of nonlinear propagation is quite si
lar to that in the case of 0.04 effective NA. At the position
z588mm, the double-pulse profile is formed by the sam
mechanism as that in the case of 0.04 effective NA, show
Fig. 10~b! ~solid line!. However, as the shorter Rayleig
length of the laser beam for 0.09 effective NA, the intens
of the trailing pulse is attenuated spatially by diffraction a
the compression of the trailing pulse is avoided, shown
Fig. 10~c!. Thus, only one peak, instead of a two-peak str
ture, was formed in the nonlinear propagation and filam
tation, shown in Figs. 6~c! and 10~a!.

In comparison with the nonlinear propagation of a f
cused laser pulse under 0.01, 0.04, and 0.09 effective
input pulse energyPin53.1Pcr , we found temporal reshap
ing of the pulse presents different behaviors and is associ
with filamentation in propagation. For 0.01 effective NA, th
pulse was split by the combined effect of SF and norm
GVD and a long electron filament was formed in propag
tion. For 0.04 effective NA of the objective, the input pul
was temporally reshaped into a two-pulse profile by the
focusing of induced plasma and SF. The leading pulse
cayed and the trailing pulse was temporally compressed
few femtoseconds and reached a higher intensity and le
the two-foci structure in nonlinear propagation and filame
tation. For 0.09 effective NA, the dynamic process of pu
propagation is the same as that for 0.04 effective NA, exc
that the trailing pulse cannot be compressed because
shorter Rayleigh length of the laser beam, and this form
one focus of the laser pulse in propagation, unlike the cas
0.04 effective NA. For the case ofPin52.0Pcr and 0.04
effective NA, the input pulse was also reshaped into a tw
pulse profile temporally, but the trailing pulse cannot
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compressed sharply because of low energy, which shows
peak in filamentation. The compression of the trailing pu
in the temporal reshaping of the pulse is responsible for
two-foci structure of nonlinear propagation and filamen
tion.

The temporal compression of an ultrashort laser pulse
transparent ionizing media was also observed by ot
groups@22–24#. In the above analysis of dynamic process
of the nonlinear propagation of a femtosecond laser pu
we presented the dependence of the temporal compressi
a pulse on the focusing parameter and energy of a la
beam, shown in Figs. 7, 8, 9, and 10. As the potential ap
cation in pulse shortening techniques, our numeircal res
on temporal compression of an ultrashort laser pulse in tra
parent ionizing media could present the optimum conditio
in the applications.

In addition, by comparing the damaged zone by the fi
ment in Fig. 4 with the numerical result in Fig. 6~b!, we find
the electron density generated by MPI and avalanche ion
tion in the damaged zone is close to 1020 cm23, which is the
same as the theoretical results in Sudrieet al. @25#.

IV. CONCLUSION

In conclusion, in experiment we systemically investigat
the filamentation of a focused femtosecond laser pulse
objective with various effective NA and input pulse energy
fused silica. The two foci structure of a plasma filament a
the damaged zone in fused silica were observed and stud
In theory, we studied the nonlinear propagation and filam
tation of a femtosecond laser pulse in fused silica by solv
the NLS equation numerically. Our numerical results
plasma filaments agreed well with the experimental resu
and our numerical analysis presented the clear dynamic
cesses of nonlinear propagation of a focused femtosec
laser pulse by objective with different effective NA and pul
energy in fused silica. It was found that the pulse was te
porally reshaped in nonlinear propagation, and under dif
ent focusing conditions and input energy the behaviors
pulse temporal reshaping were quite different. In the cas
effective NA 0.04 andPin53.1Pcr , the pulse was reshape
and can be compressed to a few femtoseconds. Moreo
our numerical analysis revealed that the filamentation is c
nected with the temporal reshaping of the pulse in nonlin
propagation, and the compression of trailing pulse leads
the two foci structure of nonlinear propagation and plas
filament.
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