PHYSICAL REVIEW B 71, 125435(2005

Filamentation and damage in fused silica induced by tightly focused femtosecond laser pulses
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We investigate experimentally and numerically the damage tracks induced by tightly fodaed.5)
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-
cations(type ). It appears for input pulse energies beyond £J1 It takes the form of a narrow track extending
over more than 10@m 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 beyondJo(®pe II). 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 | damage, a fast electron-hole
recombination is observed. Type Il damage is linked with a longer absorption.
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I. INTRODUCTION The outline of this paper is the following: First, we study

The controlled deposition of laser energy in transparentl€ shift toward the laser of the damage caused along the
solids is of crucial importance for several applications suctPropagation axis when the energy of the incident laser pulse
as micromachining of optical materidfs biomedical Vvaries. From this observation, the self-focusing of the laser
technologies, or three-dimensional optical data stordge. beam by the optical Kerr effect is quantitatively estimated.
Laser damage often constitutes a limiting factor for the deMeasurements of the transmission of the pulses as a function
velopment of these applications because it can prevent thef the incident energy are then presented and compared with
transmission of energy in the bulk of transparent media. Théhe results of numerical simulations. Thereafter, we analyze
understanding of the mechanisms responsible for damage the tracks of permanent damage. Comparisons of these tracks
dielectrics is therefore the subject of intense investigationwith the numerical results allows us to infer the electron
while the structural modifications induced by focusing fem-density corresponding to the threshold of permanent damage.
tosecond laser pulses are currently applied to the fabricatiohhis paper ends with pump-probe measurements which make
of optical devices such as waveguides in glag$es, it possible to follow the temporal evolution of plasma ab-
gratings?1°fiber gratings'! couplers: or photonic crystald?  sorption. A maximum value for the density of the plasma

In this paper, the propagation of femtosecond laser pulsegenerated in the medium is given.
in fused silica is investigated experimentally and numeri-
cally, under tight focusing conditions. In this case, unlike in
surface damage experimentghe laser pulses propagate in
the bulk of the sample and cause permanent damage to the We have used two types of laser sources. The first source
material without ablating the surface. Fundamental aspects a cw-pumped regenerative Ti:S oscillator-amplifier laser
of laser-dielectric interaction are studied, in particular thesystem(Coherent RegAdelivering a train of pulses of 2J
effect of basic processes occurring in the presence of a highnergy at 800 nm with a duration of 160 B8WHM) and a
laser field such as photoionization, free-carrier absorptioniepetition rate of 200 kHz. The second laser source is an
carrier-carrier interaction, as well as self-induced effecteexperimental chain developed in our laboratory. It is a CPA
such as self-phase modulation or self-focusing that can draFi:sapphire laser consisting of an oscillator, a regenerative
matically affect the propagation. Inspection of the damagemplifier, and two power amplifiers. This chain is able to
tracks provides useful diagnostics on the pulse propagatiodeliver pulses with a central wavelength of 800 nm, an en-
in the medium. These experimental observations are conergy of 7 mJ, and a duration of 50 fs at a repetition rate of
pared with numerical results from a code that describes th& kHz.
propagation of the laser pulse coupled with the evolution of The laser beam is focused in the bulk of a transparent
the electron plasma generated by avalanche and photselid medium. The diagram of Fig. 1 gives a simplified over-
ionization. Both experimental and numerical results showall picture of the experimental setup. The sample and the
that the laser pulse propagates in the form of a filament. Thécusing objective are mounted on computer-controlled
local intensity and the density of the plasma generated durinttanslation stages with micrometric precision. The entrance
the propagation of the pulse can be obtained accurately bface of the sample is perpendicular to the propagationzaxis
means of comparisons of the damage tracks with isodensityhe sample can be moved along three axeg, z by three
contours of the electron density computed numerically. stepping motors. A camera placed after the sample enables us

Il. EXPERIMENTAL SETUP
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Rayleigh length, andi=d+z$/d the curvature of the wave at
Regeneratively Amplified the distancal from the linear focugwe start our simulations

800 i, 500 iz atd=75 um from the focus
T, 2 hipulse Two coupled equations describe the evolution of the en-
velope of the electric field and the electron density. The sca-
Atorustor m?mm Microscope Igr envelope&(r,t,z) is assumed t_o be _slowly varying in
sample ohjective time. It evolves along the propagation axiaccording to the

nonlinear envelope equatidh,expressed in the frequency

Camera domain corresponding to the retarded titset,,,—2z/vg
0| ZfouLifeemin, e
i —=ij| =+ +— +
i oz~ \V g erNe @
FIG. 1. Experimental setup. where ngaw/&k|w0 denotes the group velocity)(w)=1

to control the depth of the beam focusing. In order to char+w/kvg, and L(w)=n(w)w/c-k-w/vy Equation (2) ac-

acterize the absorption of the pulses, we also measured tlwunts for diffraction in the transverse plane, group velocity

transmitted power. dispersion, and high-order dispersive terms exactly com-
The spatial profile of the beam at the linear focus is aputed by means of a Sellmeier dispersion relation for the

significant parameter that we measured to specify the focusefraction indexn(w) of silica in the form

ing conditions, as well as to characterize the optical elements

used and their performances. The focusing geometry is char- 3 2

acterized by the beam waist measured in air for a beam with P\ -1=2 By . 3

low intensity. Table | gives the parameters of the microscope me1 AT~ Ay

objectives used. The waist at the focus of each objective w _ _ _ _

recorded with an infrared camera, using a collecting objeca\-fl h_e(r)ell3116—20.696)2\,8_2§ 3560279’83}?]'8975’)\1;0'0384" m,

tive of magnification 4&. The intensity profiles obtained "2~ ~:—=~ pm, Az=3.050cum. The second-order group

from the images were fitted by Gaussians and their Waistvelomty dispersion coefficient computed from this dispersion

H T — 92 A — iho
defined as the width at £ maximum of the intensity, are 'elation at 800 nm k"= 5*k/ Jw?,, =361 f$/cm. Describ
given for each objective in Table I. ing the dispersive properties of the medium is important to

In the following, we concentrate on results obtained withobtain correct spectral and temporal evolution of the laser
the objective 2&x with NA=0.5 for which a waistw; pulse. It was shown recently that these properties must be

=1.1 um was measured. taken into account to obtain a correct physical description of
supercontinuum generation in condensed méta Equa-
lll. NUMERICAL SIMULATIONS tion (2) accounts for space-time focusiridue to the pres-

The numerical code used in this study relies on the physience of the operatdy in front of 3/ 9z, see Refs. 21 and 24
cal model developed for the propagation of an intense pulsgnd various nonlinear effects including optical Kerr effect
in fused silica**>noble gases or aif;*"and liquids®*°  \ith a nonlocal term corresponding to delayed Raman-Kerr
We model the linearly polquzed .beam with cylindrical optical shock respongé?2® self-steepening, plasma absorp-
symmetry around the propagation azisy the envelop€ of  yjon plasma defocusing and energy absorption due to photo-

the electric field E, written as E=Rd¢ explikz—iwgt)], . . . PN .
wherek=nywo/C andw, are the wave number and frequency |on|z§1t|on. The operatoN(€) in .Eq. (2) denotes the time-
Fourier transform of these nonlinear terms

of the carrier wave, respectively, angy=1.45 for fused
silica. The input pulses were mod.eled by Gaussians with t
energyE,, a temporal FWHM duration of 160 féemporal  N(&) = kgn,T2| (1 - fR)|E®)[2+ fRf drR(r=t)|E(D]* | £)
half-width t,=136 f9 or 50 fqt,=42 fg, an input power —

Pin=Ein/t,V7/2, and intensitya=2P,,/ mw3 ” TWe(€2)U,
22 ke - E(l +iwgT) p€ — ETE’ (4)
&(r,t,0) = £yex —V—vz—t—z—iE . (1)
o The operatoil = 1+(i/ wg)(d/ dt) in front of the Kerr term

They exhibit a transverse waisty=w;(1+d?/Z)'?, where is responsible for the self-steepening of the pafs&:28Self-
w;=1 um is the beam waistzf:ﬂwfnolx():S.? um the  focusing related to the Kerr effect occurs for pulses viAth
TABLE L. N ical . db ist d with aboveP.=1.98 MW. This critical value was measured ex-
; - umerical apertureé and beam waist measured wi aperimentally as indicated below, and corresponds to the
low intensity femtosecond laser at 800 nm for various objectives. . . - . _
nonlinear refraction index of fused silican,=3.54

X 10716 cm?/W which we used in our simulations. It is in

Magnification 2.5 4x  10x  20< 40X = oreement with Ref. 29(n,=3.75x 1076 cn?/W, P,
NA 0.07 0.12 0.25 0.5 065 =1.72 MW). From Refs. 23 and 25, the response function
waist wi(m) 4.8 35 1.8 11 0.7 that accounts for the delayed Raman contribution in the Kerr

effect may be written as
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5 t [t localized states below the band gap. The rate equdépn
R(t) = Q°reexp = ] xsin( — ). was recently revisited by Rethfeld and co-work&3® They
d S have shown that the physics of the avalanche process may be
with the characteristic timeg;=32 fs andr,=12 fs(see Ref. more precisely reproduced by using a set of rate equations

23), 0?=72+ 72 and fractionfz=0.18. describing the changes in the density of free electrons at
For plasma absorption, the cross section for inversevarious energy levels in the conduction band.
bremsstrahlung follows the Drude motfef?and reads Following Keldysh'$* formulation for the PI rat&Vp), we

2 define the adiabaticity parameter for soligls wgVmU;/ €€,
- K @oTe _ (5) wherem=0.64m, (see Ref. 4Ddenotes the reduced mass of
Nwieom 1+ wir the electron and the hole;is equal to unity for an intensity

Bel indicate h inferred th | fth [=3.5x 10 W/cnm?. In our simulations,| reaches 5
elow, we indicate how we inferred the value of the MOmen-, j w3 \y//cng near the focus foE,,=1 wJ. Therefore, the

tum transfer collision timer, from transmission measure-
ments. This step is crucial to correctly describe the multipli-
cation of electrons, with density, inducing the damage of
the material. The collision time also enters into the plasm
defocusing term(—iowyr.pE/2) in Eq. (4). For usual mate- 2wo [ wom %2

rials 7.> wy'=4.2X 1078 s, plasma absorption is a decreas- Wa|€]) = E( ) Qyexp-alx+ 1), {7)
ing function while plasma defocusing is an increasing func-

tion of 7.. The collision time therefore characterizes thewhere

g

PI rate can neither be reduced to the tunnel formula valid for
v<<1 nor to the multiphoton rate prevailing for weak fields
ay> 1. The full Keldysh formulation for the PI rate reads

fi \E

balance between plasma absorption and plasma defocusing. v 1
The strong focusing leads to high intensities and there- = , B= ,
fore, the multiphoton ionization rate generally used in this 1+ 1+

model®?333 has been changed into a photoionization rate

W, derived from the general Keldysh formétan the equa- [ = *

tion describing the evolution of the electron density. To be Q(y,x) = K(E) X E exp— na)®(VB(n+2v)),
consistent, in the evolution equatié¢f for the electric field, - n=0

the last term describes photoabsorption, i.e., the energy

losses due to optical field ionization instead of the standard _ K@) -E(I) _ ™
multiphoton absorption term. T EE)  PTaKEEE)
The evolution equation for the electron density reads
2 U E(E)
9P _ I ez P X=————=" p=(x+1)-x 8
o = W€D + - plef? = . (6) wheog \T x+1) (8)

Y

The first term on the right-hand side of B6) describes the Where(:) denotes the integer paK, andE denote the com-
photoionization contribution to free-electron generation, in-Plete elliptic integral of the first and second kind, respec-
volving transition from the valence band to the conductiontively, and @ the Dawson functiond(z) = [§exp(y*-2*)dy.
band3>:3¢ through the gap potentidl;=9 eV in silica. The Equations(7) and(8) are nothing but Keldysh’s formulation
second term accounts for avalanche ionization. The thiravritten with complete elliptic integral functions as defined in
term represents electron recombination with a characteristiBef. 41. As a result, Eq39) in Ref. 34 contain& (X*?) and
mean timer, =150 fs in fused silicd’ E(XY?) where Eqgs.7) and (8) containK(X) and E(X). In

At this point, we make the following comment concerning agreement with these definitions and with Ref. 42, our quan-
the concept of plasma. Many experiments are concerned wittity 3 is divided by 4, whereas the corresponding quantity in
the damage threshold at the sample surface. The plasniRef. 34 is divided by 2.
threshold is then associated with ablation of matter in the Figure 2 shows the ionization raté, for silica as a func-
form of a plume. The corresponding plasma consists of election of the laser intensity. It approaches asymptotically
trons and ions. In the bulk damage study we address here, tlikeldysh’s multiphoton ratédotted curve and tunnel ioniza-
first type of generated plasma corresponds to electrons arithn rate (dash-dotted curyeat the extreme limits of weak
holes produced by multiphoton band-to-band transitionsand strong fields. For weak fields, Keldysh’s theory coin-
Eventually, at increasing laser intensities, this electron-holeides with the multiphoton ionization raté/ye=ogl®pa
plasma will evolve into an electron-ion plasma. The trigger-shown by the dashed Iline, where 05=9.6
ing mechanism is the interaction of the laser pulse with thex 10779 s™* cm'?/W® denotes the coefficient for silica and
electron-hole plasma by inverse bremsstrahl{egplanche p,=2.1x10°?2cm 3, the background atom density. At
ionization; see the second term in E@)]. In this paper, we =3.5xX 108 W/cm?  (y=1), Wyp=3.7x10*cm3s?
only consider a situation close to the threshold for avalanchelearly overestimates the Pl ratg,=1.6x 10°2 cm ™3 s7* by
breakdown. We further approximate the electron-hole plasmawo orders of magnitude. This is the reason whyis taken
recombination by a single exponential law with the decayto be smaller in the literatur@rg=1.5x 10771 57t cm!?/ WS¢,
constantr, =150 fs¥/ Such a situation occurs when plasmasee Ref. 3§ but larger values are also use@g=3
recombination is dominated by fast trapping of carriers intox 10767#0-9571 cm12/\W6; Ref. 43. Our simulations could re-
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FIG. 2. lonization rate for fused silica with gdh=9 eV com-
puted with Keldysh’s formulation for multiphoton ionizatiofy
> 1, dotted curvg tunnel ionization(y<1, dash-dotted curyeand
from the general formula valid in the intermediate regifselid
line). The background atom density is X1.0?2 cmi 3. The multi-

photon ratéNyp = ol °pa is shown by the dashed line. The vertical distance with increasing laser intensifyin our experiments,
line indicates the maximum intensity reached numerically. the defocusing effect of the plasma generated by the pulse
around this nonlinear focus prevents a growth of intensity
produce the experimental results accurately only with the Pabove a few 18 W/cn?. By studying the position of the
rate given by Eq(4). Following the same idea, we note that damage induced by the propagation of laser pulses with dif-
several values for the gap in fused silica may be found in théerent energies under the optical microscope, we could mea-
literature. A gap of 9 eV is found in Refs. 23, 31, 35, 36, 40,Sure the shift of the damage track as a function of the pulse
and 43. A lower gap of 7.8 eV is found in Refs. 44—46.POWer. The damage tracks shown in Fig. 3 have been ob-
Recently, a gap of 7.1 eV has been also determtAddain, tained by.exp05|_ng a silica _sample during 2 s to 160 fs laser
we note that we used consistently the gap of 9 eV and thBulSes with various energies from 0.23 (1.56 MW) to
Keldysh formulation for the computation of photoionization 1-25#J (7.8 MW), focused by the objectiv20x',NA
rates, since the results computed with a gap of 7.6 eV could@0-5. The head of the damage moves towards the laser as
not be satisfactorily compared with experiments. A recenthe pulse energy increases. The damage is assumed to be
paper by Gruzde¥ shows, however, that these photoioniza-induced by the plasma, which itself is expected to be trig-
tion rates not only depend on the gap but also on the ban@iered around the nonlinear focus. Figure 4 shows the mea-

structure assumed to be nonparabolic in Keldysh’s formulasured shift of the nonlinear focus as a function of the pulse
tion. power. The critical power for self-focusing and the nonlinear

index of refraction may be deduced from this measurement.
An extension of Marburger’s formutdhas been proposed in
IV. STUDY OF THE TRANSMISSION AS A FUNCTION a Kerr medium with nonlocal nonlinearity such as the Raman
OF THE PULSE ENERGY contribution of the Kerr effect In this case, the position of
In order to compare the numerical results with experimenthe nonlinear focus was shown to be closely reproduced by
tal data, we first perform two sets of experiments so as té&0- 9)

FIG. 3. Observation of the shift of damage tracks in the bulk of
a silica sample as a function of the laser enefigglicated in the
figure). The pulse duration was 160 fs. The beams were focused in
fused silica with an objective 20 with NA=0.5.

measure the values to be introduced in the code for the non- 0.3672%
linear index of refraction and for the momentum transfer Z = = , 9
collision time 7.. The nonlinear refraction index was deter- J[(mame(t)/Pcr)l’z— 0.852?-0.0219

mined by recording the shift of the nonlinear focus as a func- ~ o .
tion of the laser energy. By comparing measured and calcuhere Piy(t) indicates how the local power in the temporal

lated transmitted energies as a function of the incident energ§fice t is shared between the instantaneous and the delayed
of the pulses that are focused in silica, we could determinéomponent

the momentum transfer collision time. These two param- 20 .
eters are then kept fixed for the entire analysis. The other (@) 04 ©
physical parameters given above have been obtained from € =
the literature and are kept constant in all numerical simula- s 5
tions.
% 5 10 % 22 403
A. Shift of the nonlinear focus Py (MW) Pin (MW)

In a transparent medium with positive nonlinear refraction  F|G. 4. (a) Shift of the nonlinear focus as a function of the pulse
index, a laser pulse with power above the critical power forpower. The continuous curve corresponds to @d) after determi-
self-focusing is known to shrink upon itself along the propa-nation of n,. (b) Linear representation of the data as in EtR)
gation axis. This leads to an apparent reduction of the focatanishing forP;,=P/1.002.
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For the parameters given aboygulse duration ofrgywum S oo © oo
. ~ L = 0.2 [ _threshold for o= o ]
=160 f9, we obtain mayP;,(t)=1.002P;,, a value which is = | Toptical damage
close toP;, due to the small fraction of the delayed compo- 04—l il el
nent. The effective critical power is defined a8, 107 10” 10° 10' 10°
=P,/1.002. When a lens prefocuses the laser beam, the shift Energy (1))

of the nonlinear focus follows from the lens transformation

and reads FIG. 5. Transmission as a function of the pulse energy. The

central wavelength was 800 nm. The pulse duration and repetition
2 rate were 50 fdl kHz) (open circles The beam was focused in
o= P (1))  fused silica with a focusing len€0x ) with NA=0.5. The curve
Zaf marked with crosses indicates the results of numerical simulations.
A function of the shift of the nonlinear focus that must be The dashed lines indicates two thresholds for optical damage dis-
linear in \“"/P_iH reads cussed in the text.

[Pin 1=-0148 +\/0 148 + 0.367ds” (12) siderable. It reaches almost 90% for pulses ofull0 Note
p’;r e ' f(f-0)2"’ the fast decrease of the transmission when the energy of the
R incident pulse reaches #4J. The two vertical lines corre-

and is plotted in Fig. 4 as a function @P;,. This function  spond to the onset of damage in bulk silica measured by
vanishes whenP;,=1.4 MW, which corresponds toP,.  Sudrieet al5! The first damage thresholdype ) is associ-
Thus, the critical power for self-focusing RB,=1.98 MW,  ated with a permanent change of refractive index without
corresponding to the nonlinear refraction indem,  obvious structural damage. It can be annealed by heating the
=\j/2mnyP,=3.54x 10716 cm?/W. These values are in very sample above 900 °C for about 1 hour. The second damage
good agreement withn,=3.75x 107 cm?/W and P;  threshold at 0.3JJ (type II) is accompanied by an induced
=1.72 MW from Ref. 29. Note also that our specific condi- birefringence in the material around the head of the damage.
tions yield an effective power for self-focusing nearly equalunder electron microscopy, it reveals a strong material dis-
to P, due to the rather long pulse durations compared to therder and cannot be cured by heating the sample.
characteristic response time for the delayed component in the |n the literature, the value of the momentum transfer col-
Kerr term. Our investigation, however, applies quite generfision time varies from 10° to 10*%s. We have therefore
ally for all types of Kerr media, thus allowing the determi- analyzed the variations of the transmission computed from
nation of an effective critical power even when the Ramanthe numerical code as a function ef. For a 1xJ pulse
Kerr contribution is more important. focused by an objectiv€20x ) with NA=0.5 in silica, the
calculated transmission varies from about 30% with
=10'®s to more than 70% with,=101*s. By comparing
the transmission resulting from the numerical simulation

The measurement of the transmission as a function of theith the curve of experimentally measured transmission, we
incident energy was initially made with the regenerative am-obtained the best agreement for the vaire1014s, which
plifier laser(800 nm, 160 fs, 200 kHz Because of its excel- we used in all our numerical simulations presented in the
lent stability, this laser is well adapted for the study of thefollowing. The analysis of the energy losses in the next sec-
damage. Because of its high repetition réi6—250 kHz, it tion will confirm the dominant role played by avalanche, and
is also well suited for the realization of buried optical ele-related plasma absorption and thus the significant influence
ments based on the permanent modification of the refractivef the collision timer, on absorption.
index, such as diffraction gratings and waveguides. It pro- Numerical results on the transmission for pulses of 50 fs
vides, however, only a fewJ energy and does not enable usfocused by an objective of microscop20x ) with NA 0.5
to study the transmission of the laser energy on a wide rangewe indicated by the black crosses in Fig. 5. The comparison
The second Ti:Sapphire laser source produces pulses of 50 fgtween the measured value for the transmission and that
duration and up to 7 mJ energy, centered around the wavealculated by the code is shown in Fig. 5. The calculated
length 800 nm, at a repetition rate of 1 kHz. onset of absorption is satisfactorily compared with the onset

We recorded the transmission of the pulses focused in thef type | damage at 0.L4J. The absorption is correctly re-
silica sample with a microscope objective with NA produced up to values of the order ofudl for the energy of
=0.520%). A lens of high numerical aperturdNA=0.57)  the input pulse. A change of slope in the transmission signal-
allows us to collect all the transmitted beam. The transmising the onset of an additional mechanism occurs around
sion was measured by a Wattmeter and a calibrated photodd.4 wJ, close to the type Il damage thresh@gpearance of
ode, as a function of the incident pulse energy. The results dfreversible damagée*>? With higher energy, simulations
these two measurement techniques for the power are vesignificantly overestimate the transmission obtained in the
close and are shown in Fig. 5. The beam attenuation is corexperiments. This discrepancy is not explained by the pres-

B. Study of the transmission
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filamentation in spite of the tight focusing of the pulse
(which is usually expected to induce breakdowirhe 1.1uJ
pulse is defocused before the 0.43 pulse, indicating that
the plasma generated by the Jul pulse is formed before
that generated by the 0.48] pulse. The flux takes the shape
of an elongated filamen(Fig. 7). For an incident pulse en-
ergy of 0.45uJ, the domain where the flux exceeds 1 J7cm
extends from 45 to 9@um and, for a 1.1uJ pulse, it extends
from 25 to 110um. The length of the tracks observed with

FIG. 6. Numerically computed fluence as a function of thethe optical microscopésee Fig. 3are 43 and 85um at these

propagation distance. Pulse 800 nm, 160 fs, /J1 Objective 20

X with NA=0.5.

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

ence of an electron plasma alone, though the latter might pRropagation distance obtained for pulses with six different

important in triggering physical effects and absorption occur-
ring over longer times. An additional attenuation mechanisn]"”
therefore occurs, which the code does not take into accounf.
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 experimen

energies from 0.25 to 1.2kJ. For energies up to 2J, the
aximum intensity is 5+0.%10* W/cn?. It decreases
hen the energy of the input beam decreases. This intensity
i$ in a range described by the tunnel ionizati@¥ig. 2).
Keldysh's formulation for multiphoton ionization aralfor-

tiori the simplified multiphoton ionization rate scaling I&s
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

taqlxis(r:O) for the same pulse energies as in Fig. 8. For these

results. The experimentally accessible quantity is the fluencBn€rgies, the maximum electron density is clamped between

distribution defined a& = [*7|E|?dt. Figure 6 is a represen-

2% 10%° and 4x 10?° cm3. This saturation occurs when the

tation in three dimensions of the fluence along the propaga?'@sma defocusing of the laser beam locally balances the

tion axis for a 1.1uJ pulse.

Figure 7 shows the fluence as a function of the propaga:
tion distance of the laser pulse from the entrance surface
the sample, for two different energies, 0.45 and 4J1 The
FWHM of the fluence at each position is shown by th
dashed curve and represents the beam focusing, followed

optical Kerr effect. For the pulses we u$800 nm, 1uJ,
160 fs, objective 28 with NA=0.5), this occurs in silica

der an electron density of about 2 tox410?° cm 3. Even

under such strong focusing conditions, the intensity cannot

egrow sufficiently to obtain electron densities higher than

kﬁ/x 107 cms.

a defocusing stage due to the plasma generated by photoion- F_igure 10 illustrates the_time evolution of free-carrier gen-
ization and avalanche. For an energy of &1, the beam eration. When avalanche is neglected, they are produced by

propagates beyond the nonlinear focus with a weak diffracoptical field ionization on the ascending p_art of_the pulse
tion angle. Thus, the numerical simulation predicts a lasefdashed curve Near the peak of the pulse intensity shown

5:“\“~«, L -
S o =5 -
bt —— R
Sk -7 ]
20 40 60 80 100

by the dash-dotted curve, avalanche suddenly comes into
play and generates additional electrons, increasing the den-
sity by more than 1 decadsolid curve.

In order to determine the electron density prevailing at the
appearance of the structural damdggpe 1l) in silica, the
shift of various electron density levels from ®¥0to 4
X 10°° cm™2 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>210?° cm 3, indicating that the type II
damage is formed when an electron density larger than 2
X 1079 cm 2 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

FIG. 7. Beam diameter in dashed cu/@VHM of the fluence
at each propagation distanand various levels of the fluence dis-
tribution (continuous contours for 1, 2, and 3 J/<as a function of
z Pulse: 800 nm, 160 fs. Focusing lensX2@vith NA=0.5). (a)
0.45uJ. (b) 1.1 uJ.

using a scanning electron microsco@EM), 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
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FIG. 8. Numerically computed intensity as a function of the  FIG. 9. Numerically computed electron density on the propaga-
propagation distance. Objectiv€20x) with NA=0.5). Pulse tion axis. Pulse: 800 nm, 160 fs. Focusing lens<2@ith NA 0.5.
800 nm, 160 fs. The different pulse energies of the experiments ar@) 0.25 uJ. (b) 0.45 wJ. (¢) 0.625uJ. (d) 0.851J. (e) 1.1 wJ. (f)
indicated in each figure. 1.25uJ.
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time (fs) FIG. 12. Numerical simulation: Energy losses as a function of

the propagation distance. Pulse 800 nm, AJ] 160 fs. Focusing
lens 20x with NA=0.5. Losses due to plasma absorptidiashed

left axis) as a function of time for an input pulse of/dJ. Here, the . . )
propagation distance is 5Zm. The solid curve shows the electron curve), optlt_:al field absorptioridash-dotted curyeand both pro-
cessegcontinuous curve

density when avalanche is taken into account. The dashed curvé
represents its counterpart when avalanche is neglected. The dash-
dotted curve represents the pulse intenésyale on the right axjs
atz=57 um.

FIG. 10. Numerically computed electron densfscale on the

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-
computed in the numerical simulations. The damage consisfecusing is thus expected. The very narrow tail of type Il
of two distinct parts. There is initially a first zone, very frac- damage observed around 1060 in Fig. 11a) is thus pos-
tured, of a fewum width and of a few tens gim length. A sibly due to a second self-focusing. As shown in Fig. 6, the
permanent induced birefringence is observed around thealculated fluence in the center of the beam exhibits a second
head of this fracture zone, as discussed in Ref. 53. Followingeak 30 to 4Qum after the first one. The appearance of the
this first large damage zone, a second very narrow damage 6famentary track could be linked to this refocusing peak. We
about 200 to 300 nm can be distinguished, which we willinterpret this tail as a type Il damage embedded in a type |
call the tail of the optical damage. damage visible in Fig. 3. However, the results of our code do
The image of the damage tracks and the representation ot show the formation of this new nonlinear focus. In this
the electron density have the same spatial scales so as ftespect, the measured transverse dimension of the tail track
compare easily transverse and longitudinal dimensions of the<200 nm) is not compatible with the range of validity of
principal damage with those of the generated plasma. Ththe nonlinear envelope equation solved by the code.
size of the plasma with an electron density exceeding Recent studies were also made on the self-guided propa-
10?° cm 3 is very close to the size of the damage: The transgation inducing damag¥.Experimental results close to our
verse width and the longitudinal length of the principal dam-results were obtained. For example, pulses with energies
age are 3.7+£0..um and 25+4um, respectively. The trans- from 0.3 to 0.5uJ focused with an objective of numerical
verse width and the longitudinal length of the region whereaperture NA=0.3 were shown to induce damage with a di-
the plasma of density exceeds?40m™= are 4.3+0.5um  ameter of 1.7um and lengths between 20 and 4én.
and 28+1um, respectively. More generally, the shape and The appearance of the damage is often associated with the
the dimensions of the domain where the plasma density exavalanche process. It is thus instructive to compare the role
ceeds 1& cm reproduce well those of the first damage played by optical field ionization to the role of avalanche. To
zone. From these results, the first damage track correspontisis aim, we compare the energy losses due to plasma ab-
to type Il damage and is associated with the generation of asorption (linked to the avalanche processith the energy
electron-ion plasma. losses due to optical field ionization. Figure 12 gives the total
energy lossegabsorption due to optical field ionization and
losses by avalanchéor a pulse of 1.1uJ and 160 fs focused
in silica by an objective 28 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 18 cm™. The losses are primarily due to
plasma absorption for the five simulated energies. This ex-

—~ . 20F Plrav+rec I

‘?E 0 e IgLrec E

1 L 1 1 1 19F 3
40 60 80 100 120 210 = E
10" —

2 (um) ; 5

z (um

FIG. 11. Comparison between experiments and simulatian. )
Image from electron microscope of a damage track obtained by FIG. 13. Numerical simulation: Electron density as a function of
focusing pulses in fused siliceB0O0 nm, 160 fs, JuJ. Objective  the propagation distance. Pulse 800 nm, 4J1 160 fs. Focusing
20x with NA=0.5). (b) Numerical simulation: The curves bound lens 20< with NA=0.5. The electron density generated by photo-
regions where the electron density exceeds the levél 10'°, or ionization (P1) only is plotted by the dash-dotted curve. The dotted
10%° e”/cm. Parameters as in the experimetit3.Computed inten-  curve shows the electron density obtained by Pl and recombination
sity contourplots. The labels 12.7 and 13dyindicate 5< 1012 and (reg, and the continuous curve shows the density obtained by
10" W/cn?. photoionization, avalanche, and recombination.
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FIG. 15. Results of the pump-probe experiments in fused silica.
FIG. 14. General scheme of the pump-probe experiment if 0CUSINg lens 28 with NA=0.5. Probe pulse: 800 nm, 0.02&,
transmission. 50 fs, 1 kHz with modulation. Pump pulse: 800 nm, 50 fs, 1 kHz.

The pump energies are 0.148 (squares 0.24 uJ (triangles

. . . down), 0.42uJ (triangles up, and 0.74uJ (circles. The three
plains the observations of Sec. IV B concerning the Strong,yes with largest energies have been shifted for clarity. The
influence of the characteristic time for collision on the  yashed lines indicates the shifts.
transmission.

The presence of free' eleqtron§ IS necessary to Initiate Fhaetbsorption of the probe for a zero delay between pump and
avalanche process. Optical field ionization generates the firs robe
electrons. As shown in Fig. 13, optical field ionization is the Wh.en the delav between the pump and probe pulses is
prevailing effect for electron densities lower than®em3. y pump P P

. C S zero, circular fringegof equal inclination are observed. In
Avalanche contributes significantly to ionization when larger ) X o )
order to avoid strong instabilities generated by these interfer-

densities are reached. At the maximum of the electron den- he d d sianal a hal ate is placed
sity, 30% of the electrons were generated by optical fiel nces on the detected signal, a half-wave plate IS placed on
' he way of the probe pulse at 45 deg of the polarization of

lonization and 70% by avalanche. With collmated beamsthe beam so as to obtain a polarization perpendicular to that
the balance between self-focusing and plasma defocusin P perp

was shown to lead to a saturation of the electron densitgfthe pump pulse. The interferences which appear for a zero

around 16° cni® (see Ref. 15 The tight focusing of the ¥Ielay between both pulses disappear. The instabilities they
T . ; caused are then strongly reduced.

beam in silica triggers the avalanche process, which saturates A repetition rate different from that of the pumo sianal

self-focusing for electron densities larger thar?®l€@m 3. was imgosed on the probe signal by mechanisallypcho%ping

These results indicate that type Il irreversible damage "Nhe beam. The synchronization detector connected to the

silica is closely related to avalanche. However, the maximum

electron density remains about one order of magnitude belov(\:/.hoploer receives the signal of the diode and detects only the

o . _ 2 s, o 123 signal with the frequency of the chopper. Thus, only the ab-
the critical densityp; = woeom'/€=1.74x 10°* cm™. sorption of the probe pulse due to the plasma generated by

the pump pulse is detected.

Differential measurements of the transmission were per-
VI. DETERMINATION OF THE TRANSMISSION formed with the laser sourgd kHz, 50 f3.

WITH TWO PULSES Figure 15 shows the results obtained from pump-probe

A. Measurements of the transmission of the probe experiments as a function of delay between pump and probe
o pulses for four pump pulse energies. The probe pulses have
The calculated transmissions exceed the values measurggl energy much lower than the damage threshold and there-

for energies larger than AJ. From this observation, we con- fore do not modify the material by themselves.
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 Three regimes can be distinguished from the results ob-
pulse and a weaker probe pulse. The delay between botained in pump-probe experimenis) When the energy of
pulses could be modified by a delay line. The general outlinghe pump pulse is lower than the first damage threshold,
of the experiment is given by Fig. 14. there is no induced absorption signal. In our experiments
Pump-probe and pump-pump experiments were carriewith pulses focused by an objective 20vith NA=0.5, the
out with colinear beams focused spatially at the same poinype | damage threshold is about Q.. It is therefore en-
by the same objective of microscoggrowth 20x with  tirely consistent with the absence of a plasma generated at
NA=0.5). The control camera placed after the sample allowshese pump energies as predicted by the cGdeWhen the
both ways to overlap at the focus of the objective. This overenergy of the pump is equal to or slightly larger than the
lap is then improved so as to increase to its maximum thelamage threshold, a fast signal is observed, characteristic of

B. Discussion of the results of pump-probe experiments

125435-9



COUAIRON et al. PHYSICAL REVIEW B 71, 125435(2005

the generation of an electron-hole plasma. The lifetime ofhow in particular that ablation by pulses of duration of
this plasma is around 150 fs. It is taken into account by theabout 100 fs can be interpreted in terms of transient thermal
introduction of the term p/ 7, into Eq. (6) for the evolution  processes. The increase in the duration of this absorption
of the electron density. The value af=150 fs used in our with the pump laser energy could be explained by an in-
numerical simulations corresponds to our experimentally decrease of the heated volume. A thermal process would also
termined value as well as that of Audebettal. and Tienet  explain the weaker absorption in crystalline quartz because
al.3"42 (jii) For higher pump energies, in addition to the of its higher thermal conductivity. Additional experiments
short-lived component, a temporal shift towards negative dewith lasers working at a lower repetition rate will be neces-
lays and a long duration signal becomes apparent. The tendary to fully understand this phenomenon.
poral shift is well explained by the splitting of the pump
pulse and the advance of the leading pulse in the plasma it VIl. CONCLUSION
generated® Consistently, the shift increases when the pump '
pulse energy increases. The long-duration signal appears In this paper, we have carried out an extensive study of
when the energy of the pump pulse is sufficient to generatthe propagation of infrared femtosecond laser pulses tightly
an electron-ion plasma by avalanche. This electron-iorfiocused in fused silica. Integrated beam transmittance, time-
plasma induces permanent structural damage of type Il. Weesolved pump probe transmission experiments, as well as
carried out complementary experiments showing that this akthe characterization of permanent damages have been carried
sorption is still present several ns after the passage of theut as a function of input pump pulse energy. These results
pump pulse. It is obvious that the electron-hole plasma canhave been compared to numerical simulations of the propa-
not be responsible for this long absorption. The presence ajation and absorption of the pulse. The results reveal a fila-
an electron-ion plasma alone does not explain this effect. Ainentary propagation regime. Two types of damage are ob-
0.25 1J the generated density of the electron-ion plasma alserved. Type | damage is associated with a permanent change
ready overcomes that of the electron-hole plasiiTa of refractive index induced by the generation of an electron-
X 10* cm 2 for a total of 2x 10°° cm™3). The electron-ion hole plasma. In this case the avalanche process does not
plasma, however, might seed the conditions for triggeringcontribute to ionization. The dimensions of the damage
other physical effects responsible for the long-time absorptracks are well reproduced by the dimensions of the domain,
tion that is not reproduced by the model. where the computed fluence exceeds 1 F/dteasurements
We do not yet have an interpretation of this long absorp-of the plasma lifetime show that it is short-lived. We attribute
tion. The induced absorption lasts for increasingly longetthis type | damage to the fast capture of electrons by trap
times when the energy of the pump pulse increases. Theenters in the disordered medium, giving rise to a metastable
same type of absorption in silica was observed and publishechange of the polarizability of the mediuth.The second
by Martin et al%® They suppose that this long absorption is type of damage is structural. It occurs when the avalanche
due to the presence of metastable defects in silica such gsocess becomes effective. Numerical results are in good
self-trapped excitons. Yamada al>* also report on the in- agreement with the observed type Il damage. Comparison of
fluence of the duration of the exposures on the appearance tife shape and location of this damage with contour plots of
the damage. In addition, similar experiments that we perthe computed electron density allows us to determine the
formed in a quartz crystal show a clear reduction of this longdensity at which it occurs. This value is 1 decade below the
signal in the crystalline form. These observations lead us taritical plasma density. Appearance of an additional absorp-
suggest that this long-time absorption might be of thermation of long duration is associated with this damage. We
origin. It could correspond, for example, to a molten phase ofnterpret this as a transition from an electron-hole plasma to
material at very high temperature. Von der Lindeal®®  an electron-ion plasma.
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