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We investigate experimentally and numerically the damage tracks induced by tightly focusedsNA=0.5d
infrared femtosecond laser pulses in the bulk of a fused silica sample. Two types of irreversible damage are
observed. The first damage corresponds to a permanent change of refractive index without structural modifi-
cationsstype Id. It appears for input pulse energies beyond 0.1mJ. It takes the form of a narrow track extending
over more than 100mm at higher input powers. It is attributed to a change of the polarizability of the medium,
following a filamentary propagation which generates an electron-hole plasma through optical field ionization.
A second type of damage occurs for input pulse energies beyond 0.3mJ stype IId. It takes the form of a
pear-shaped structural damage associated with an electron-ion plasma triggered by avalanche. The temporal
evolution of plasma absorption is studied by pump-probe experiments. For type I damage, a fast electron-hole
recombination is observed. Type II damage is linked with a longer absorption.
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I. INTRODUCTION

The controlled deposition of laser energy in transparent
solids is of crucial importance for several applications such
as micromachining of optical materials,1–4 biomedical
technologies,5 or three-dimensional optical data storage.6,7

Laser damage often constitutes a limiting factor for the de-
velopment of these applications because it can prevent the
transmission of energy in the bulk of transparent media. The
understanding of the mechanisms responsible for damage in
dielectrics is therefore the subject of intense investigation,
while the structural modifications induced by focusing fem-
tosecond laser pulses are currently applied to the fabrication
of optical devices such as waveguides in glasses,2,8

gratings,9,10 fiber gratings,11 couplers,3 or photonic crystals.12

In this paper, the propagation of femtosecond laser pulses
in fused silica is investigated experimentally and numeri-
cally, under tight focusing conditions. In this case, unlike in
surface damage experiments,13 the laser pulses propagate in
the bulk of the sample and cause permanent damage to the
material without ablating the surface. Fundamental aspects
of laser-dielectric interaction are studied, in particular the
effect of basic processes occurring in the presence of a high
laser field such as photoionization, free-carrier absorption,
carrier-carrier interaction, as well as self-induced effects
such as self-phase modulation or self-focusing that can dra-
matically affect the propagation. Inspection of the damage
tracks provides useful diagnostics on the pulse propagation
in the medium. These experimental observations are com-
pared with numerical results from a code that describes the
propagation of the laser pulse coupled with the evolution of
the electron plasma generated by avalanche and photo-
ionization. Both experimental and numerical results show
that the laser pulse propagates in the form of a filament. The
local intensity and the density of the plasma generated during
the propagation of the pulse can be obtained accurately by
means of comparisons of the damage tracks with isodensity
contours of the electron density computed numerically.

The outline of this paper is the following: First, we study
the shift toward the laser of the damage caused along the
propagation axis when the energy of the incident laser pulse
varies. From this observation, the self-focusing of the laser
beam by the optical Kerr effect is quantitatively estimated.
Measurements of the transmission of the pulses as a function
of the incident energy are then presented and compared with
the results of numerical simulations. Thereafter, we analyze
the tracks of permanent damage. Comparisons of these tracks
with the numerical results allows us to infer the electron
density corresponding to the threshold of permanent damage.
This paper ends with pump-probe measurements which make
it possible to follow the temporal evolution of plasma ab-
sorption. A maximum value for the density of the plasma
generated in the medium is given.

II. EXPERIMENTAL SETUP

We have used two types of laser sources. The first source
is a cw-pumped regenerative Ti:S oscillator-amplifier laser
systemsCoherent RegAd delivering a train of pulses of 2mJ
energy at 800 nm with a duration of 160 fssFWHMd and a
repetition rate of 200 kHz. The second laser source is an
experimental chain developed in our laboratory. It is a CPA
Ti:sapphire laser consisting of an oscillator, a regenerative
amplifier, and two power amplifiers. This chain is able to
deliver pulses with a central wavelength of 800 nm, an en-
ergy of 7 mJ, and a duration of 50 fs at a repetition rate of
1 kHz.

The laser beam is focused in the bulk of a transparent
solid medium. The diagram of Fig. 1 gives a simplified over-
all picture of the experimental setup. The sample and the
focusing objective are mounted on computer-controlled
translation stages with micrometric precision. The entrance
face of the sample is perpendicular to the propagation axisz.
The sample can be moved along three axesx, y, z by three
stepping motors. A camera placed after the sample enables us
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to control the depth of the beam focusing. In order to char-
acterize the absorption of the pulses, we also measured the
transmitted power.

The spatial profile of the beam at the linear focus is a
significant parameter that we measured to specify the focus-
ing conditions, as well as to characterize the optical elements
used and their performances. The focusing geometry is char-
acterized by the beam waist measured in air for a beam with
low intensity. Table I gives the parameters of the microscope
objectives used. The waist at the focus of each objective was
recorded with an infrared camera, using a collecting objec-
tive of magnification 403. The intensity profiles obtained
from the images were fitted by Gaussians and their waist,
defined as the width at 1/e2 maximum of the intensity, are
given for each objective in Table I.

In the following, we concentrate on results obtained with
the objective 203 with NA=0.5 for which a waistwf
=1.1 mm was measured.

III. NUMERICAL SIMULATIONS

The numerical code used in this study relies on the physi-
cal model developed for the propagation of an intense pulse
in fused silica,14,15 noble gases or air,16,17 and liquids.18–20

We model the linearly polarized beam with cylindrical
symmetry around the propagation axisz by the envelopeE of
the electric field E, written as E=RefE expsikz− iv0tdg,
wherek=n0v0/c andv0 are the wave number and frequency
of the carrier wave, respectively, andn0=1.45 for fused
silica. The input pulses were modeled by Gaussians with
energyEin, a temporal FWHM duration of 160 fsstemporal
half-width tp=136 fsd or 50 fsstp=42 fsd, an input power

Pin=Ein / tpÎp /2, and intensityE0
2=2Pin /pw0

2

Esr,t,0d = E0expS−
r2

w0
2 −

t2

tp
2 − i

kr2

2f
D . s1d

They exhibit a transverse waistw0=wfs1+d2/zf
2d1/2, where

wf =1 mm is the beam waist,zf =pwf
2n0/l0=5.7 mm the

Rayleigh length, andf =d+zf
2/d the curvature of the wave at

the distanced from the linear focusswe start our simulations
at d=75 mm from the focusd.

Two coupled equations describe the evolution of the en-
velope of the electric field and the electron density. The sca-
lar envelopeEsr ,t ,zd is assumed to be slowly varying in
time. It evolves along the propagation axisz according to the
nonlinear envelope equation,21 expressed in the frequency
domain corresponding to the retarded timet; tlab−z/vg

Û
] Ê
]z

= iF¹'
2

2k
+ SÛ +

L̂

2k
DL̂GÊ + iNsEdˆ , s2d

where vg;]v /]kuv0
denotes the group velocity,Ûsvd;1

+v /kvg, and L̂svd;nsvdv /c−k−v /vg. Equation s2d ac-
counts for diffraction in the transverse plane, group velocity
dispersion, and high-order dispersive terms exactly com-
puted by means of a Sellmeier dispersion relation for the
refraction indexnsvd of silica in the form

n2sld − 1 =o
m=1

3

Bm
l2

l2 − lm
2 , s3d

whereB1=0.6962,B2=0.4079,B3=0.8975,l1=0.0684mm,
l2=0.1162mm, l3=9.8962mm. The second-order group
velocity dispersion coefficient computed from this dispersion
relation at 800 nm isk9;]2k/]v2uv0

=361 fs2/cm. Describ-
ing the dispersive properties of the medium is important to
obtain correct spectral and temporal evolution of the laser
pulse. It was shown recently that these properties must be
taken into account to obtain a correct physical description of
supercontinuum generation in condensed media.22,23 Equa-
tion s2d accounts for space-time focusingsdue to the pres-

ence of the operatorÛ in front of ] /]z; see Refs. 21 and 24d,
and various nonlinear effects including optical Kerr effect
with a nonlocal term corresponding to delayed Raman-Kerr
optical shock response,25,26 self-steepening, plasma absorp-
tion, plasma defocusing and energy absorption due to photo-

ionization. The operatorNsEdˆ in Eq. s2d denotes the time-
Fourier transform of these nonlinear terms

NsEd = k0n2T
2Fs1 − fRduEstdu2 + fRE

−`

t

dtRst − tduEstdu2GEstd

−
s

2
s1 + iv0tcdrE −

T

2

WPIsuEu2dUi

uEu2
E. s4d

The operatorT;1+si /v0ds] /]td in front of the Kerr term
is responsible for the self-steepening of the pulse.24,27,28Self-
focusing related to the Kerr effect occurs for pulses withPin
abovePcr=1.98 MW. This critical value was measured ex-
perimentally as indicated below, and corresponds to the
nonlinear refraction index of fused silican2=3.54
310−16 cm2/W which we used in our simulations. It is in
agreement with Ref. 29sn2=3.75310−16 cm2/W, Pcr
=1.72 MWd. From Refs. 23 and 25, the response function
that accounts for the delayed Raman contribution in the Kerr
effect may be written as

FIG. 1. Experimental setup.

TABLE I. Numerical aperture and beam waist measured with a
low intensity femtosecond laser at 800 nm for various objectives.

Magnification 2.53 43 103 203 403

NA 0.07 0.12 0.25 0.5 0.65

waist wfsmmd 4.8 3.5 1.8 1.1 0.7
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Rstd = V2tsexpS−
t

td
D 3 sinS t

ts
D ,

with the characteristic timestd=32 fs andts=12 fsssee Ref.
23d, V2=ts

−2+td
−2, and fractionfR=0.18.

For plasma absorption, the cross section for inverse
bremsstrahlung follows the Drude model30–32 and reads

s =
ke2

n0
2v0

2e0m
3

v0tc

1 + v0
2tc

2 . s5d

Below, we indicate how we inferred the value of the momen-
tum transfer collision timetc from transmission measure-
ments. This step is crucial to correctly describe the multipli-
cation of electrons, with densityr, inducing the damage of
the material. The collision time also enters into the plasma
defocusing terms−isv0tcrE /2d in Eq. s4d. For usual mate-
rials tc@v0

−1=4.2310−16 s, plasma absorption is a decreas-
ing function while plasma defocusing is an increasing func-
tion of tc. The collision time therefore characterizes the
balance between plasma absorption and plasma defocusing.

The strong focusing leads to high intensities and there-
fore, the multiphoton ionization rate generally used in this
model15,23,33 has been changed into a photoionization rate
WPI derived from the general Keldysh formula34 in the equa-
tion describing the evolution of the electron density. To be
consistent, in the evolution equations4d for the electric field,
the last term describes photoabsorption, i.e., the energy
losses due to optical field ionization instead of the standard
multiphoton absorption term.

The evolution equation for the electron density reads

]r

]t
= WPIsuEud +

s

Ui
ruEu2 −

r

tr
. s6d

The first term on the right-hand side of Eq.s6d describes the
photoionization contribution to free-electron generation, in-
volving transition from the valence band to the conduction
band,35,36 through the gap potentialUi =9 eV in silica. The
second term accounts for avalanche ionization. The third
term represents electron recombination with a characteristic
mean timetr=150 fs in fused silica.37

At this point, we make the following comment concerning
the concept of plasma. Many experiments are concerned with
the damage threshold at the sample surface. The plasma
threshold is then associated with ablation of matter in the
form of a plume. The corresponding plasma consists of elec-
trons and ions. In the bulk damage study we address here, the
first type of generated plasma corresponds to electrons and
holes produced by multiphoton band-to-band transitions.
Eventually, at increasing laser intensities, this electron-hole
plasma will evolve into an electron-ion plasma. The trigger-
ing mechanism is the interaction of the laser pulse with the
electron-hole plasma by inverse bremsstrahlungfavalanche
ionization; see the second term in Eq.s6dg. In this paper, we
only consider a situation close to the threshold for avalanche
breakdown. We further approximate the electron-hole plasma
recombination by a single exponential law with the decay
constanttr=150 fs.37 Such a situation occurs when plasma
recombination is dominated by fast trapping of carriers into

localized states below the band gap. The rate equations6d
was recently revisited by Rethfeld and co-workers.38,39They
have shown that the physics of the avalanche process may be
more precisely reproduced by using a set of rate equations
describing the changes in the density of free electrons at
various energy levels in the conduction band.

Following Keldysh’s34 formulation for the PI rateWPI, we
define the adiabaticity parameter for solidsg=v0

ÎmUi /eE,
wherem=0.64me ssee Ref. 40d denotes the reduced mass of
the electron and the hole;g is equal to unity for an intensity
I =3.531013 W/cm2. In our simulations, I reaches 5
31013 W/cm2 near the focus forEin=1 mJ. Therefore, the
PI rate can neither be reduced to the tunnel formula valid for
g!1 nor to the multiphoton rate prevailing for weak fields
g@1. The full Keldysh formulation for the PI rate reads

WPIsuEud =
2v0

9p
Sv0m

"ÎG
D3/2

Qsg,xdexps− akx + 1ld, s7d

where

G =
g2

1 + g2, J =
1

1 + g2 ,

Qsg,xd =Î p

2KsJd
3 o

n=0

`

exps− nadFsÎbsn + 2ndd,

a = p
KsGd − EsGd

EsJd
, b =

p2

4KsJdEsJd
,

x =
2

p

Ui

"v0

EsJd
ÎG

, n = kx + 1l − x, s8d

wherek·l denotes the integer part,K andE denote the com-
plete elliptic integral of the first and second kind, respec-
tively, and F the Dawson functionFszd=e0

zexpsy2−z2ddy.
Equationss7d ands8d are nothing but Keldysh’s formulation
written with complete elliptic integral functions as defined in
Ref. 41. As a result, Eq.s39d in Ref. 34 containsKsX1/2d and
EsX1/2d where Eqs.s7d and s8d contain KsXd and EsXd. In
agreement with these definitions and with Ref. 42, our quan-
tity b is divided by 4, whereas the corresponding quantity in
Ref. 34 is divided by 2.

Figure 2 shows the ionization rateWPI for silica as a func-
tion of the laser intensity. It approaches asymptotically
Keldysh’s multiphoton ratesdotted curved and tunnel ioniza-
tion rate sdash-dotted curved at the extreme limits of weak
and strong fields. For weak fields, Keldysh’s theory coin-
cides with the multiphoton ionization rateWMPI=s6I

6rat
shown by the dashed line, where s6=9.6
310−70 s−1 cm12/W6 denotes the coefficient for silica and
rat=2.131022 cm−3, the background atom density. AtI
=3.531013 W/cm2 sg=1d, WMPI=3.731034 cm−3 s−1

clearly overestimates the PI rateWPI=1.631032 cm−3 s−1 by
two orders of magnitude. This is the reason whys6 is taken
to be smaller in the literaturess6=1.5310−71 s−1 cm12/W6;
see Ref. 36d, but larger values are also usedss6=3
310−67±0.9 s−1 cm12/W6; Ref. 43d. Our simulations could re-

FILAMENTATION AND DAMAGE IN FUSED SILICA … PHYSICAL REVIEW B 71, 125435s2005d

125435-3



produce the experimental results accurately only with the PI
rate given by Eq.s4d. Following the same idea, we note that
several values for the gap in fused silica may be found in the
literature. A gap of 9 eV is found in Refs. 23, 31, 35, 36, 40,
and 43. A lower gap of 7.8 eV is found in Refs. 44–46.
Recently, a gap of 7.1 eV has been also determined.47 Again,
we note that we used consistently the gap of 9 eV and the
Keldysh formulation for the computation of photoionization
rates, since the results computed with a gap of 7.6 eV could
not be satisfactorily compared with experiments. A recent
paper by Gruzdev48 shows, however, that these photoioniza-
tion rates not only depend on the gap but also on the band
structure assumed to be nonparabolic in Keldysh’s formula-
tion.

IV. STUDY OF THE TRANSMISSION AS A FUNCTION
OF THE PULSE ENERGY

In order to compare the numerical results with experimen-
tal data, we first perform two sets of experiments so as to
measure the values to be introduced in the code for the non-
linear index of refraction and for the momentum transfer
collision time tc. The nonlinear refraction index was deter-
mined by recording the shift of the nonlinear focus as a func-
tion of the laser energy. By comparing measured and calcu-
lated transmitted energies as a function of the incident energy
of the pulses that are focused in silica, we could determine
the momentum transfer collision timetc. These two param-
eters are then kept fixed for the entire analysis. The other
physical parameters given above have been obtained from
the literature and are kept constant in all numerical simula-
tions.

A. Shift of the nonlinear focus

In a transparent medium with positive nonlinear refraction
index, a laser pulse with power above the critical power for
self-focusing is known to shrink upon itself along the propa-
gation axis. This leads to an apparent reduction of the focal

distance with increasing laser intensity.49 In our experiments,
the defocusing effect of the plasma generated by the pulse
around this nonlinear focus prevents a growth of intensity
above a few 1013 W/cm2. By studying the position of the
damage induced by the propagation of laser pulses with dif-
ferent energies under the optical microscope, we could mea-
sure the shift of the damage track as a function of the pulse
power. The damage tracks shown in Fig. 3 have been ob-
tained by exposing a silica sample during 2 s to 160 fs laser
pulses with various energies from 0.25mJ s1.56 MWd to
1.25mJ s7.8 MWd, focused by the objectives203 ,NA
=0.5d. The head of the damage moves towards the laser as
the pulse energy increases. The damage is assumed to be
induced by the plasma, which itself is expected to be trig-
gered around the nonlinear focus. Figure 4 shows the mea-
sured shift of the nonlinear focus as a function of the pulse
power. The critical power for self-focusing and the nonlinear
index of refraction may be deduced from this measurement.
An extension of Marburger’s formula49 has been proposed in
a Kerr medium with nonlocal nonlinearity such as the Raman
contribution of the Kerr effect.50 In this case, the position of
the nonlinear focus was shown to be closely reproduced by
Eq. s9d

znf =
0.367zR

ÎfsmaxtP̃instd/Pcrd1/2 − 0.852g2 − 0.0219
, s9d

where P̃instd indicates how the local power in the temporal
slice t is shared between the instantaneous and the delayed
component

FIG. 2. Ionization rate for fused silica with gapUi =9 eV com-
puted with Keldysh’s formulation for multiphoton ionizationsg
@1, dotted curved, tunnel ionizationsg!1, dash-dotted curved and
from the general formula valid in the intermediate regimessolid
lined. The background atom density is 2.131022 cm−3. The multi-
photon rateWMPI=s6I

6rat is shown by the dashed line. The vertical
line indicates the maximum intensity reached numerically.

FIG. 3. Observation of the shift of damage tracks in the bulk of
a silica sample as a function of the laser energysindicated in the
figured. The pulse duration was 160 fs. The beams were focused in
fused silica with an objective 203 with NA=0.5.

FIG. 4. sad Shift of the nonlinear focus as a function of the pulse
power. The continuous curve corresponds to Eq.s11d after determi-
nation of n2. sbd Linear representation of the data as in Eq.s12d
vanishing forPin=Pcr/1.002.
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P̃instd = PinFs1 − fRde−2st/tpd2 + fRE
−`

t

Rst − tde−2st/tpd2dtG .

s10d

For the parameters given abovespulse duration oftFWHM

=160 fsd, we obtain maxtP̃instd=1.002Pin, a value which is
close toPin due to the small fraction of the delayed compo-
nent. The effective critical power is defined asPcr

*

; Pcr/1.002. When a lens prefocuses the laser beam, the shift
of the nonlinear focus follows from the lens transformation
and reads

d =
f2

f + znf
, s11d

A function of the shift of the nonlinear focus that must be
linear in ÎPin reads

ÎPin

Pcr
* − 1 = −0.148 +Î0.1482 +

0.3672dd2

fsf − dd2 , s12d

and is plotted in Fig. 4 as a function ofÎPin. This function
vanishes whenÎPin=1.4 MW1/2, which corresponds toÎPcr

* .
Thus, the critical power for self-focusing isPcr=1.98 MW,
corresponding to the nonlinear refraction indexn2
=l0

2/2pn0Pcr=3.54310−16 cm2/W. These values are in very
good agreement withn2=3.75310−16 cm2/W and Pcr
=1.72 MW from Ref. 29. Note also that our specific condi-
tions yield an effective power for self-focusing nearly equal
to Pcr, due to the rather long pulse durations compared to the
characteristic response time for the delayed component in the
Kerr term. Our investigation, however, applies quite gener-
ally for all types of Kerr media, thus allowing the determi-
nation of an effective critical power even when the Raman-
Kerr contribution is more important.

B. Study of the transmission

The measurement of the transmission as a function of the
incident energy was initially made with the regenerative am-
plifier lasers800 nm, 160 fs, 200 kHzd. Because of its excel-
lent stability, this laser is well adapted for the study of the
damage. Because of its high repetition rates50–250 kHzd, it
is also well suited for the realization of buried optical ele-
ments based on the permanent modification of the refractive
index, such as diffraction gratings and waveguides. It pro-
vides, however, only a fewmJ energy and does not enable us
to study the transmission of the laser energy on a wide range.
The second Ti:Sapphire laser source produces pulses of 50 fs
duration and up to 7 mJ energy, centered around the wave-
length 800 nm, at a repetition rate of 1 kHz.

We recorded the transmission of the pulses focused in the
silica sample with a microscope objective with NA
=0.5s203 d. A lens of high numerical aperturesNA=0.57d
allows us to collect all the transmitted beam. The transmis-
sion was measured by a Wattmeter and a calibrated photodi-
ode, as a function of the incident pulse energy. The results of
these two measurement techniques for the power are very
close and are shown in Fig. 5. The beam attenuation is con-

siderable. It reaches almost 90% for pulses of 10mJ. Note
the fast decrease of the transmission when the energy of the
incident pulse reaches 4mJ. The two vertical lines corre-
spond to the onset of damage in bulk silica measured by
Sudrieet al.51 The first damage thresholdstype Id is associ-
ated with a permanent change of refractive index without
obvious structural damage. It can be annealed by heating the
sample above 900 °C for about 1 hour. The second damage
threshold at 0.31mJ stype IId is accompanied by an induced
birefringence in the material around the head of the damage.
Under electron microscopy, it reveals a strong material dis-
order and cannot be cured by heating the sample.

In the literature, the value of the momentum transfer col-
lision time varies from 10−15 to 10−13 s. We have therefore
analyzed the variations of the transmission computed from
the numerical code as a function oftc. For a 1mJ pulse
focused by an objectives203 d with NA=0.5 in silica, the
calculated transmission varies from about 30% withtc
=10−15 s to more than 70% withtc=10−14 s. By comparing
the transmission resulting from the numerical simulation
with the curve of experimentally measured transmission, we
obtained the best agreement for the valuetc=10−14 s, which
we used in all our numerical simulations presented in the
following. The analysis of the energy losses in the next sec-
tion will confirm the dominant role played by avalanche, and
related plasma absorption and thus the significant influence
of the collision timetc on absorption.

Numerical results on the transmission for pulses of 50 fs
focused by an objective of microscopes203 d with NA 0.5
are indicated by the black crosses in Fig. 5. The comparison
between the measured value for the transmission and that
calculated by the code is shown in Fig. 5. The calculated
onset of absorption is satisfactorily compared with the onset
of type I damage at 0.1mJ. The absorption is correctly re-
produced up to values of the order of 1mJ for the energy of
the input pulse. A change of slope in the transmission signal-
ing the onset of an additional mechanism occurs around
0.4 mJ, close to the type II damage thresholdsappearance of
irreversible damaged.14,52 With higher energy, simulations
significantly overestimate the transmission obtained in the
experiments. This discrepancy is not explained by the pres-

FIG. 5. Transmission as a function of the pulse energy. The
central wavelength was 800 nm. The pulse duration and repetition
rate were 50 fss1 kHzd sopen circlesd. The beam was focused in
fused silica with a focusing lenss203 d with NA=0.5. The curve
marked with crosses indicates the results of numerical simulations.
The dashed lines indicates two thresholds for optical damage dis-
cussed in the text.
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ence of an electron plasma alone, though the latter might be
important in triggering physical effects and absorption occur-
ring over longer times. An additional attenuation mechanism
therefore occurs, which the code does not take into account.
We study this mechanism in Sec. VI. As already mentioned,
the decay constant in our model is only valid for the descrip-
tion of an electron-hole plasma.

V. DETAILED STUDY OF THE NUMERICAL RESULTS
AND COMPARISON WITH THE EXPERIMENT

We have analyzed in detail the numerical results concern-
ing the propagation and compared them with experimental
results. The experimentally accessible quantity is the fluence
distribution defined asF;e−`

+`uEu2dt. Figure 6 is a represen-
tation in three dimensions of the fluence along the propaga-
tion axis for a 1.1mJ pulse.

Figure 7 shows the fluence as a function of the propaga-
tion distance of the laser pulse from the entrance surface of
the sample, for two different energies, 0.45 and 1.1mJ. The
FWHM of the fluence at each position is shown by the
dashed curve and represents the beam focusing, followed by
a defocusing stage due to the plasma generated by photoion-
ization and avalanche. For an energy of 1.1mJ, the beam
propagates beyond the nonlinear focus with a weak diffrac-
tion angle. Thus, the numerical simulation predicts a laser

filamentation in spite of the tight focusing of the pulse
swhich is usually expected to induce breakdownd. The 1.1mJ
pulse is defocused before the 0.45mJ pulse, indicating that
the plasma generated by the 1.1mJ pulse is formed before
that generated by the 0.45mJ pulse. The flux takes the shape
of an elongated filamentsFig. 7d. For an incident pulse en-
ergy of 0.45mJ, the domain where the flux exceeds 1 J/cm2

extends from 45 to 90mm and, for a 1.1mJ pulse, it extends
from 25 to 110mm. The length of the tracks observed with
the optical microscopessee Fig. 3d are 43 and 85mm at these
energies, showing quite good agreement with the lengths of
the elongated filaments in Fig. 7.

Figure 8 shows the peak intensity as a function of the
propagation distance obtained for pulses with six different
energies from 0.25 to 1.25mJ. For energies up to 2mJ, the
maximum intensity is 5±0.531013 W/cm2. It decreases
when the energy of the input beam decreases. This intensity
is in a range described by the tunnel ionizationsFig. 2d.
Keldysh’s formulation for multiphoton ionization anda for-
tiori the simplified multiphoton ionization rate scaling asIK

cannot be used in these focusing conditions. These results on
the laser intensities corroborate our choice of the general
Keldysh’s formulation for the description of the ionization
rate.

Figure 9 shows the electron density on the propagation
axis sr =0d for the same pulse energies as in Fig. 8. For these
energies, the maximum electron density is clamped between
231020 and 431020 cm−3. This saturation occurs when the
plasma defocusing of the laser beam locally balances the
optical Kerr effect. For the pulses we uses800 nm, 1mJ,
160 fs, objective 203 with NA=0.5d, this occurs in silica
for an electron density of about 2 to 431020 cm−3. Even
under such strong focusing conditions, the intensity cannot
grow sufficiently to obtain electron densities higher than
431020 cm−3.

Figure 10 illustrates the time evolution of free-carrier gen-
eration. When avalanche is neglected, they are produced by
optical field ionization on the ascending part of the pulse
sdashed curved. Near the peak of the pulse intensity shown
by the dash-dotted curve, avalanche suddenly comes into
play and generates additional electrons, increasing the den-
sity by more than 1 decadessolid curved.

In order to determine the electron density prevailing at the
appearance of the structural damagestype IId in silica, the
shift of various electron density levels from 1019 to 4
31020 cm−3 was computed and compared with the shift of
the damage track observed in experiments. The electron den-
sity for which the shift corresponds to our experimental mea-
surements is about 231020 cm−3, indicating that the type II
damage is formed when an electron density larger than 2
31020 cm−3 is reached.

In order to confirm this condition on the electron density
for the appearance of the damage, we compared the corre-
sponding contour with the lateral and longitudinal dimen-
sions of the damage. To perform a quantitative comparison,
the resolution of the images of the damage was improved by
using a scanning electron microscopesSEMd, which allows
the observation of details smaller than 10 nm.

Figure 11 shows in parallel an image of a structural dam-
age induced in silica and the levels of the electron density

FIG. 6. Numerically computed fluence as a function of the
propagation distance. Pulse 800 nm, 160 fs, 1.1mJ. Objective 20
3 with NA=0.5.

FIG. 7. Beam diameter in dashed curvesFWHM of the fluence
at each propagation distanced and various levels of the fluence dis-
tribution scontinuous contours for 1, 2, and 3 J/cm2 as a function of
z. Pulse: 800 nm, 160 fs. Focusing lens 203 with NA=0.5d. sad
0.45mJ. sbd 1.1 mJ.
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FIG. 8. Numerically computed intensity as a function of the
propagation distance. Objectives203 d with NA=0.5d. Pulse
800 nm, 160 fs. The different pulse energies of the experiments are
indicated in each figure.

FIG. 9. Numerically computed electron density on the propaga-
tion axis. Pulse: 800 nm, 160 fs. Focusing lens 203 with NA 0.5.
sad 0.25mJ. sbd 0.45mJ. scd 0.625mJ. sdd 0.85mJ. sed 1.1 mJ. sfd
1.25mJ.
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computed in the numerical simulations. The damage consists
of two distinct parts. There is initially a first zone, very frac-
tured, of a fewmm width and of a few tens ofmm length. A
permanent induced birefringence is observed around the
head of this fracture zone, as discussed in Ref. 53. Following
this first large damage zone, a second very narrow damage of
about 200 to 300 nm can be distinguished, which we will
call the tail of the optical damage.

The image of the damage tracks and the representation of
the electron density have the same spatial scales so as to
compare easily transverse and longitudinal dimensions of the
principal damage with those of the generated plasma. The
size of the plasma with an electron density exceeding
1020 cm−3 is very close to the size of the damage: The trans-
verse width and the longitudinal length of the principal dam-
age are 3.7±0.5mm and 25±4mm, respectively. The trans-
verse width and the longitudinal length of the region where
the plasma of density exceeds 1020 cm−3 are 4.3±0.5mm
and 28±1mm, respectively. More generally, the shape and
the dimensions of the domain where the plasma density ex-
ceeds 1020 cm−3 reproduce well those of the first damage
zone. From these results, the first damage track corresponds
to type II damage and is associated with the generation of an
electron-ion plasma.

Both our measurements and the simulations for the trans-
mission of the power after the first damage zone show that it
still exceeds the critical power for self-focusing. A beam re-
focusing is thus expected. The very narrow tail of type II
damage observed around 100mm in Fig. 11sad is thus pos-
sibly due to a second self-focusing. As shown in Fig. 6, the
calculated fluence in the center of the beam exhibits a second
peak 30 to 40mm after the first one. The appearance of the
filamentary track could be linked to this refocusing peak. We
interpret this tail as a type II damage embedded in a type I
damage visible in Fig. 3. However, the results of our code do
not show the formation of this new nonlinear focus. In this
respect, the measured transverse dimension of the tail track
sø200 nmd is not compatible with the range of validity of
the nonlinear envelope equation solved by the code.

Recent studies were also made on the self-guided propa-
gation inducing damage.54 Experimental results close to our
results were obtained. For example, pulses with energies
from 0.3 to 0.5mJ focused with an objective of numerical
aperture NA=0.3 were shown to induce damage with a di-
ameter of 1.7mm and lengths between 20 and 40mm.

The appearance of the damage is often associated with the
avalanche process. It is thus instructive to compare the role
played by optical field ionization to the role of avalanche. To
this aim, we compare the energy losses due to plasma ab-
sorption slinked to the avalanche processd with the energy
losses due to optical field ionization. Figure 12 gives the total
energy lossessabsorption due to optical field ionization and
losses by avalanched for a pulse of 1.1mJ and 160 fs focused
in silica by an objective 203 with NA=0.5. For a compari-
son, Fig. 13 shows the electron density computed from opti-
cal field ionization only and for both ionization processes,
optical field and avalanche. Significant losses begin for den-
sities about 1019 cm−3. The losses are primarily due to
plasma absorption for the five simulated energies. This ex-

FIG. 10. Numerically computed electron densitysscale on the
left axisd as a function of time for an input pulse of 1mJ. Here, the
propagation distance is 57mm. The solid curve shows the electron
density when avalanche is taken into account. The dashed curve
represents its counterpart when avalanche is neglected. The dash-
dotted curve represents the pulse intensitysscale on the right axisd
at z=57 mm.

FIG. 11. Comparison between experiments and simulation.sad
Image from electron microscope of a damage track obtained by
focusing pulses in fused silicas800 nm, 160 fs, 1mJ. Objective
203 with NA=0.5d. sbd Numerical simulation: The curves bound
regions where the electron density exceeds the level 1018, 1019, or
1020 e−/cm3. Parameters as in the experiments.scd Computed inten-
sity contourplots. The labels 12.7 and 13 inscd indicate 531012 and
1013 W/cm2.

FIG. 12. Numerical simulation: Energy losses as a function of
the propagation distance. Pulse 800 nm, 1.1mJ, 160 fs. Focusing
lens 203 with NA=0.5. Losses due to plasma absorptionsdashed
curved, optical field absorptionsdash-dotted curved, and both pro-
cessesscontinuous curved.

FIG. 13. Numerical simulation: Electron density as a function of
the propagation distance. Pulse 800 nm, 1.1mJ, 160 fs. Focusing
lens 203 with NA=0.5. The electron density generated by photo-
ionizationsPId only is plotted by the dash-dotted curve. The dotted
curve shows the electron density obtained by PI and recombination
srecd, and the continuous curve shows the density obtained by
photoionization, avalanche, and recombination.
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plains the observations of Sec. IV B concerning the strong
influence of the characteristic time for collisiontc on the
transmission.

The presence of free electrons is necessary to initiate the
avalanche process. Optical field ionization generates the first
electrons. As shown in Fig. 13, optical field ionization is the
prevailing effect for electron densities lower than 1018 cm−3.
Avalanche contributes significantly to ionization when larger
densities are reached. At the maximum of the electron den-
sity, 30% of the electrons were generated by optical field
ionization and 70% by avalanche. With collimated beams,
the balance between self-focusing and plasma defocusing
was shown to lead to a saturation of the electron density
around 1019 cm−3 ssee Ref. 15d. The tight focusing of the
beam in silica triggers the avalanche process, which saturates
self-focusing for electron densities larger than 1020 cm−3.
These results indicate that type II irreversible damage in
silica is closely related to avalanche. However, the maximum
electron density remains about one order of magnitude below
the critical density,rc;v0

2e0m
* /e2=1.7431021 cm−3.

VI. DETERMINATION OF THE TRANSMISSION
WITH TWO PULSES

A. Measurements of the transmission of the probe

The calculated transmissions exceed the values measured
for energies larger than 1mJ. From this observation, we con-
clude that there is an additional attenuation mechanism
which is not taken into account in the simulations. In order to
obtain information on this new mechanism, we carried out
pump-probe experiments. The pulse was split into a pump
pulse and a weaker probe pulse. The delay between both
pulses could be modified by a delay line. The general outline
of the experiment is given by Fig. 14.

Pump-probe and pump-pump experiments were carried
out with colinear beams focused spatially at the same point
by the same objective of microscopesgrowth 203 with
NA=0.5d. The control camera placed after the sample allows
both ways to overlap at the focus of the objective. This over-
lap is then improved so as to increase to its maximum the

absorption of the probe for a zero delay between pump and
probe.

When the delay between the pump and probe pulses is
zero, circular fringessof equal inclinationd are observed. In
order to avoid strong instabilities generated by these interfer-
ences on the detected signal, a half-wave plate is placed on
the way of the probe pulse at 45 deg of the polarization of
the beam so as to obtain a polarization perpendicular to that
of the pump pulse. The interferences which appear for a zero
delay between both pulses disappear. The instabilities they
caused are then strongly reduced.

A repetition rate different from that of the pump signal
was imposed on the probe signal by mechanically chopping
the beam. The synchronization detector connected to the
chopper receives the signal of the diode and detects only the
signal with the frequency of the chopper. Thus, only the ab-
sorption of the probe pulse due to the plasma generated by
the pump pulse is detected.

Differential measurements of the transmission were per-
formed with the laser sources1 kHz, 50 fsd.

Figure 15 shows the results obtained from pump-probe
experiments as a function of delay between pump and probe
pulses for four pump pulse energies. The probe pulses have
an energy much lower than the damage threshold and there-
fore do not modify the material by themselves.

B. Discussion of the results of pump-probe experiments

Three regimes can be distinguished from the results ob-
tained in pump-probe experiments.sid When the energy of
the pump pulse is lower than the first damage threshold,
there is no induced absorption signal. In our experiments
with pulses focused by an objective 203 with NA=0.5, the
type I damage threshold is about 0.1mJ. It is therefore en-
tirely consistent with the absence of a plasma generated at
these pump energies as predicted by the code.sii d When the
energy of the pump is equal to or slightly larger than the
damage threshold, a fast signal is observed, characteristic of

FIG. 14. General scheme of the pump-probe experiment in
transmission.

FIG. 15. Results of the pump-probe experiments in fused silica.
Focusing lens 203 with NA=0.5. Probe pulse: 800 nm, 0.025mJ,
50 fs, 1 kHz with modulation. Pump pulse: 800 nm, 50 fs, 1 kHz.
The pump energies are 0.145mJ ssquaresd 0.24mJ striangles
downd, 0.42mJ striangles upd, and 0.74mJ scirclesd. The three
curves with largest energies have been shifted for clarity. The
dashed lines indicates the shifts.
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the generation of an electron-hole plasma. The lifetime of
this plasma is around 150 fs. It is taken into account by the
introduction of the term −r /tr into Eq. s6d for the evolution
of the electron density. The value oftr=150 fs used in our
numerical simulations corresponds to our experimentally de-
termined value as well as that of Audebertet al. and Tienet
al.37,42 siii d For higher pump energies, in addition to the
short-lived component, a temporal shift towards negative de-
lays and a long duration signal becomes apparent. The tem-
poral shift is well explained by the splitting of the pump
pulse and the advance of the leading pulse in the plasma it
generates.15 Consistently, the shift increases when the pump
pulse energy increases. The long-duration signal appears
when the energy of the pump pulse is sufficient to generate
an electron-ion plasma by avalanche. This electron-ion
plasma induces permanent structural damage of type II. We
carried out complementary experiments showing that this ab-
sorption is still present several ns after the passage of the
pump pulse. It is obvious that the electron-hole plasma can-
not be responsible for this long absorption. The presence of
an electron-ion plasma alone does not explain this effect. At
0.25mJ the generated density of the electron-ion plasma al-
ready overcomes that of the electron-hole plasmas7
31019 cm−3 for a total of 231020 cm−3d. The electron-ion
plasma, however, might seed the conditions for triggering
other physical effects responsible for the long-time absorp-
tion that is not reproduced by the model.

We do not yet have an interpretation of this long absorp-
tion. The induced absorption lasts for increasingly longer
times when the energy of the pump pulse increases. The
same type of absorption in silica was observed and published
by Martin et al.55 They suppose that this long absorption is
due to the presence of metastable defects in silica such as
self-trapped excitons. Yamadaet al.54 also report on the in-
fluence of the duration of the exposures on the appearance of
the damage. In addition, similar experiments that we per-
formed in a quartz crystal show a clear reduction of this long
signal in the crystalline form. These observations lead us to
suggest that this long-time absorption might be of thermal
origin. It could correspond, for example, to a molten phase of
material at very high temperature. Von der Lindeet al.56

show in particular that ablation by pulses of duration of
about 100 fs can be interpreted in terms of transient thermal
processes. The increase in the duration of this absorption
with the pump laser energy could be explained by an in-
crease of the heated volume. A thermal process would also
explain the weaker absorption in crystalline quartz because
of its higher thermal conductivity. Additional experiments
with lasers working at a lower repetition rate will be neces-
sary to fully understand this phenomenon.

VII. CONCLUSION

In this paper, we have carried out an extensive study of
the propagation of infrared femtosecond laser pulses tightly
focused in fused silica. Integrated beam transmittance, time-
resolved pump probe transmission experiments, as well as
the characterization of permanent damages have been carried
out as a function of input pump pulse energy. These results
have been compared to numerical simulations of the propa-
gation and absorption of the pulse. The results reveal a fila-
mentary propagation regime. Two types of damage are ob-
served. Type I damage is associated with a permanent change
of refractive index induced by the generation of an electron-
hole plasma. In this case the avalanche process does not
contribute to ionization. The dimensions of the damage
tracks are well reproduced by the dimensions of the domain,
where the computed fluence exceeds 1 J/cm2. Measurements
of the plasma lifetime show that it is short-lived. We attribute
this type I damage to the fast capture of electrons by trap
centers in the disordered medium, giving rise to a metastable
change of the polarizability of the medium.57 The second
type of damage is structural. It occurs when the avalanche
process becomes effective. Numerical results are in good
agreement with the observed type II damage. Comparison of
the shape and location of this damage with contour plots of
the computed electron density allows us to determine the
density at which it occurs. This value is 1 decade below the
critical plasma density. Appearance of an additional absorp-
tion of long duration is associated with this damage. We
interpret this as a transition from an electron-hole plasma to
an electron-ion plasma.
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