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Initial temporal and spatial changes of the refractive index induced
by focused femtosecond pulsed laser irradiation inside a glass
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Department of Chemistry, Graduate School of Science, Kyoto University, Kyoto 606-8502, Japan
(Received 11 July 2004; revised manuscript received 14 October 2004; published 26 January 2005

The temporal and spatial developments of the refractive-index change in a focal region of a femtosecond-
laser pulse inside a soda-lime glass is investigated by the transierfTiensnethod with a time resolution of
subpicosecond. In the TrL signal, the oscillation with about an 800-ps period is observed until about 2000 ps.
In order to explain the oscillation, the thermoelastic response of a heated material by a short pulsed laser is
calculated. It is found that the TrL signal calculated based on the thermoelastic calculation reproduces the
observed oscillating signal very well, even though the calculated density at the focal region does not oscillate.
The essential feature of the oscillation can be explained in terms of the pressure wave generation and propa-
gation in the outward direction from the irradiated region. Based on the pressure-wave propagation and the
phase-retrieval method, the temporal evolution of the refractive-index distribution inside a glass is obtained
from the probe-beam deformati¢frL image at various delay times between the pump and probe pulses. Two
phases of the refractive-index increase at the laser focal region were observed in a range of 20-100 and
500-700 ps, which may cause a permanent refractive-index increase in the laser focal region inside a glass. We
discuss the effect of the laser pulse duration on the material deformation process in the laser-irradiated region.
This study clearly shows the initial process of the material deformation dynamics inside a glass after femto-
second laser irradiation.

DOI: 10.1103/PhysRevB.71.024113 PACS nuntfer52.38.Mf

[. INTRODUCTION temperature dependeficef the induced refractive-index
change. It has been suggested that high temperature and/or

Recently, there have been a variety of studies and applinigh pressure localized in the laser focal region may play an
cations of fabrication techniques inside transparent materialsnportant role in creating the refractive-index change. In-
by utilizing strong electric fields of femtosecond pulsed lasedeed, since the lifetime of the photoexcited electrons in a
beams:4When a femtosecond laser pulse is tightly focusedglass such as silica is shoft<1 p9,!® a large amount of
inside a transparent material such as a glass, a structurahergy should be transferred to the lattice immediately after
change occurs at a small volume in the material, which musthe photoexcitation, and the temperature increase and the
be caused by the nonlinear interaction between the materithermoelastic stress should be induced in a very limited vol-
and the strong laser field. When the intensity of the laseume. The relaxation of the thermoelastic stress could pro-
pulse is strong enough, a void or a less dense region is creluce the driving force for the density increase such as a
ated due to the explosive thermal expansiérni! Because compressive acoustic wave. However, other mechanisms
the refractive index in such a void region should be signifi-have also been proposed, e.g., localized melitgand pro-
cantly different from that of the other region, a refractive- duction of defects or color centers by photoexcitafidfor
index distribution with high contrast can be created. Thisunderstanding the mechanism of the laser-induced refractive-
technique has been utilized to produce three-dimensionahdex increase, it may be essential to elucidate the initial step
(3D) optical memorieg® and 3D photonic crystafsand  of the material response by a real-time observation at the
other possible applications are expected. On the other hanthser-focused region. However, there has been no study that
when the laser field is not so strong or the laser pulse isletects ultrafast time development of the temperature, pres-
moderately focused, a structure possessing a large refractigeire, and density distributions at the laser focal region as far
index is observed around the laser focal rediér131This  as we aware.
is an interesting phenomenon, and there have recently been Previously, we gave a preliminary report on the temporal
many reports on the applications to the fabrication of variouglevelopment of the refractive index of a glass at the laser-
kinds of 3D micro-opticg:3-8 This refractive-index increase focused region by using the transient lgfiel) method with
suggests that the glass structure is altered or that the densiytime resolution of subpicosecohdThis TrL method is a
of the material increases by the laser irradiafid§Regard- very powerful technique to observe the laser-induced
less of many applications, the mechanism of the structuralefractive-index distribution with a fast time resolution by
change by a femtosecond laser inside a glass has not bemwnitoring the deformation of the probe-beam shHp¥.
well understood so far. Because the density change should induce the refractive-

Much experimental research has studied the structurahdex change, the time-resolved measurement of the
change inside a glass in detail using ESR measurentérits, refractive-index distribution will provide valuable informa-
Raman scattering measureméhts, photoluminescence tion for understanding the thermoelastic stress relaxation as
detectiont? and observation of the morphology chafhfand  well as the initial step of the refractive-index change. Inter-
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energy through multiphoton ionization or tunneling ioniza-
tion depending on the laser energy den¥it§? Following

Peetio  this photoexcitation, the energy of the photoexcited electrons
, is transferred to the lattice, resulting in temperature elevation
(@ =4 ) at the photoexcited region. Due to the thermoelastic relax-
Ag(r) . . . . .
= Phasemoliaon C———"3 ation and possible chemical reactions induced by the photo-
due to TrL excitation, the refractive index should change, and the
radial coordinate radial coordinate

refractive-index distribution is created in this region. Be-

FIG. 1. Schematic illustration of the transient lens method. Thecause the induced refractive-index distribution acts as a lens,

beam waist of the pump pulse is locatedzatd (<0 in this figure we call |t_a 'I_'rL. Ir.] th? present_ TrL_ method, a probe laser
and the cylindrically symmetric refractive-index distributi@man- beam (solid lines in Fig. 1, which is tempprally d_elayed )
sient lens; Trl) is created at this position. The probe beam propa-ffom the pump pulse, enters the photoexcited region coaxi-
gates also along the axis from the left side and is focused at ~ ally. When the probe beam passes through the photoexcited
=0. A schematic intensity profile of the probe beam just before thd€gion, the wavefront of the probe beam should be modu-
TrL region is depicted ir(a). After passing through TrL, the phase lated (phase modulationdue to the created TrL. The phase
of the probe light is modulated, propagates a distancdoetd ~ modulation of the probe beam leads the modulation of the
(=z), and reaches a detection planezatf,. An example of the beam shape at the far fie[dFig. 1(b)]. The change in the
modulated probe beam on the detection plane is showh)in spatial pattern of the probe beam is monitored to obtain the
refractive-index distribution. For example, if the TrL has a
estingly, we discovered an oscillating TrL signal after theGaussian shape with a negative refractive-index change, it
irradiation of a 500-fs-pulsed laser beam inside a soda-lim&CtS as a concave lens for the probe beam. The geometric
glass platé? However, the cause of the oscillation was notdiStance between the TrL region and the probe beam waist
clear, and the refractive-index distribution and the densitd) iS important for interpreting the deformation of the probe
distribution change at the focal region were not shown. ~ béam. The probe beam should be converged at the far field,

In this study, the transient process of the refractive indevhen the TrL is located behin@ <0) the focal point of the
around the femtosecond-laser focal region inside a glass wa¥obe beam along the light propagation affgg. 1). On the
further investigated by the TrL method. The material re-Other hand, when the TrL is located before the focal point
sponse after the irradiation of an ultrafast laser pulse waéd>0), the probe beam should be expanded by the lens ef-
revealed by detailed analyses of the TrL signal based ofect. We will explain this effect in the next section in detail.
calculations of the thermoelastic response of the irradiated We used two methods to measure the deformation of the
material in the confined region as well as a phase-retrieva#patial profile of the probe beam. The first method is similar
analysis of the probe-beam deformation. The results clearl{o the traditional thermal lens method: measuring the light
showed the ultrafast refractive-index changes in severahtensity change at the beam center at a far field by using an
phases and relaxation of the thermoelastic stress. The r@perture’~' The transmittance change of the probe beam
mainder of this paper is organized as follows. In Sec. Il, thehrough an aperture placed at the beam center is generally
principle of the TrL method and the calculation method ofcalled the TrL signal. Second, the spatial profile of the probe
the signal from a spatial nonuniform distribution of the re-beam intensity is measured as an image on a detection plane.
fractive index are described. In Sec. Ill, we outline the ex-The spatial profile of the probe light intensity deformed by
perimental setup of the TrL method. In Sec. IV, we first showthe TrL effect is called a “TrL image” in the present paper.
the oscillating TrL signal after focusing a femtosecondSince the intensity profile of the probe beam has a circular
pulsed laser inside a glass under various experimental cosymmetry at all delay times, we transform the TrL image into
ditions. The signal is explained in terms of the calculatedthe radial distribution profile of the light intensity for the
density and acoustic response of the material based on tt@nalysis.
thermoelastic equations with fast and localized heating.

Next, we show the temporal evolution of the refractive-index
distribution retrieved from the spatial shape of the probe
beam. Finally, we discuss on the structural change shortly When the spatial shape of TrL is a Gaussian shape, the
after the photoexcitation and the effect of the laser-pulse duealculation method of the TrL signal is similar to that of the
ration on the structural change. thermal lens method and has been already repd?t€d.
However, in this study, the refractive-index distribution in-
duced by the tightly focused laser pulse may have a complex
Il. METHOD spatial shape, because of possible complex deformations of
the density due to a large temperature change. The calcula-
tion method of the TrL signal is summarized here.

The principle of the TrL method is similar to that of the = We calculate the TrL image and TrL signal based on the
traditional thermal lens meth&?and schematically illus- Fresnel diffraction theory as followd:>324The geometry for
trated in Fig. 1. When a femtosecond laser pusepump the calculation is illustrated in Fig. 1. The TrL region is
pulse; broken lines in Fig.)lis focused inside a glass, the created by the focused pump beanzatd (d<O0 in Fig. 1).
material only in the laser focal volume may absorb the laseiThe probe beam propagates along the z axis and is focused at

B. Calculation of TrL image and signal

A. Transient lens method
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z=0. The detection plane is locatedzatf,. When the probe
beam passes through the TrL region, the phase of the probe
beam is modulated by the refractive-index distribution. Since
the spatial distributions of the laser-induced refractive-index
change and the electric field of the probe beam are cylindri-
cally symmetric around theaxis, one may write the electric
field of the probe beam just after the TrL regidf(r)] as

Ipgr Or Ig (arb.units)

Eq(r) =Eo(rexdjAe(r)], 1)

wherer is the radial distance from the center of the beam and 2 4
Eo(r) andAg(r) are the electric field of the probe beam just s (mm)
before TrL and the phase distribution function of TrL, re-
spectively. According to the Fresnel diffraction theory, the X )
propagation of the light in the homogeneous media can bi'® Probe beam on the detection plane without the pump pulse
calculated using the Hankel transform for the cylindricall/Re<S): dotted lind, and typical example of the calculated light
symmetric electric field of the lightt Therefore, after the intensity on the detection plane using a concave TrLAgi(r)

. . =-4.0 exp—(r/16 um)?] located at the position ofi=—0.06 mm
propagation ofE,(r) through the distance ofpzthe probe (solid line). They are plotted against the radial positighfrom the

electric field on the detection plafEg(s)] is calculated by symmetric center of the probe beam.

FIG. 2. An experimentally observed intensity distribution of

27T . 22(2) + SZ)J‘OC 2 )
E =— E 1 . 275+
sic(9) j)\zoexp(hr g . 1(r) EO(r):j)\_zoeXp<_JW Z;Z)\zo )JO Ered)
o)
X i— = & rs
exp(JTr)\ZO Jo 277)\20 rdr XeXP(‘JWEO)Jo(ZWEO)SdS 5)
- _Z—Wex j7722<23+32)f Eo(r) Eo(r) is obtained by Eqs(4) and (5) from Ige((s), and the

Nz Ay /o radial intensity distribution of the TrL imadegg(s)] is cal-
r2 rs culated by using Eq(3).

Xex j<A¢(r) + 7 ) J0<2u )r dr, A typical example ofige(s) experimentally measured in
Az Az this study is depicted in Fig. @lotted ling. The TrL image

(2) calculated by a phase distribution function,

wheres is a radial position from the beam axis on the detec- A(r) == 4.0exip- (r/16um)°],

tion plane,\ is the wavelength of the probe beam,corre-  with d=0.06 mm, f,=30 mm, and\=388 nm, which are
sponds to the distance between the TrL and the detectiogypical values in this study, is plotted by a solid line in Fig. 2.
plane (zy=fo—d), and Jo(r) is the zeroth order of Bessel |n this case, the light intensity of the calculated bearsolid
function. The intensity profile of the probe bedgjs(s) on  line in Fig 2 at the central region is about 1.2 times larger

the detection plane is given by the squareEgf(s), than that of the reference probe beam. The result is consis-
tent with the intensity change calculated by using the geo-
lsia(S) = &|Esig(9)|? (3)  metrical optics previouslf

Since the TrL signal intensitl 1, ) is defined by the light
intensity at the central region of the probe beé&ransmit-

wheree is the permittivity of the air. !
tance through an apertyré+,_ is calculated as follows:

For the calculation ofgg(s) from Eq.(2), Ey(r) should be
experimentally measured. However, measurement of both a a
the phase and intensity in a small region inside a material is IT,L=f lgic(s)sds f Ired(S)Sds (6)
very difficult. Therefore, we estimateHy(r) by using the 0 0
probe beam profil¢lrer(s)] without TrL as follows. When  \yherea is a radius of the aperture, which is located at the

there is no TrL(no pump beary the electric field of the  getection plane in Fig. 1. The TrL signal is usually normal-
probe beam at the detection plafizer(s)] may be ex- jzed by the signal intensity before the pump pulse 0) or,

pressed as equivalently,[3l ge-(s)s dst18
Erers) = {e Hred9)}2 exifj ms?/\ fo]. (4)
C. Calculation of refractive-index distribution from TrL image
From the experimentally measuregg((s), Eq(r) can be ob- For studying the temporal and spatial change of the re-
tained by the deconvolution of Eq(2) with Egg(s)  fractive index, we experimentally measurgg(s) (TrL im-
=Egreds) andA¢(r)=0: age to determineA¢(r). This is an inverse problem of Eq.
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(a) oL - Blue filter (b) Blue filter
HS

Iris

, FIG. 3. Experimental setup for the TrL
Prism - Prism method(a) for detecting the TrL signal by moni-
toring the light intensity at the center of the beam
(TrL signal, and(b) for monitoring an image of

Pump pulse

——

12 the probe bean(TrL image. HS, harmonic sepa-
rator; L1, a lens withf=30 mm; L2, L3, and L4,
L3 lenses withf=150 mm; OL, a 2& microscope
“Sample objective lens. The difference betwe@) and(b)
robe Beam Photomultiplier is the configuration after the collimation lens

CCD Camera (L1).

(2). Since there is no phase informationl §)(s), we have to  with a focal length of 30 mni=fy), and the center of the

fit the observed TrL image to determine an appropriate phaseeam was passed through a small apertuweius 1 mn.
distribution functionA¢(r). Here, we search an appropriate The pump light was blocked by a blue filter and was com-
A@(r) by an iterative calculation starting with an initial es- pletely isolated from the probe light by a prism. The trans-
timate function ofA¢(r) [Agy(r)] to reduce the difference mittance of the probe beam through the aperture was moni-
between the observed image and the calculated one. At tiered as a TrL signal by a photomultiplie(R-928:

kth iteration, I(SKI)G(S) is given by Eq.(2) with A¢(r) Hamamatsy The signal was fed into a boxcar integrator

=Agy(r), and the squared error after thth iteration is de- (EG&G: MODEL 4400-1, and plotted against the delay time
fined as of the probe beam. The focal position of the objective lens

was varied by a combination of two lenses with a focal
gc= 2, o(9)lgia(s) — 19491, (7)  length of 150 mn{L2 and L3 in Fig. 3. As described in Sec.
, Il A, the focal position of the probe beam against that of the
) ) o pump beam(d) is an important factor for the analysis, be-
where o(s) is the weight factor for the fitting. We used .gse the TrL signal intensity sensitively depends on the dis-
Ired(s) for a(s), because the central region in the Trl image ance between the photoexcited region and the focal position
is more important than the weaker surrounding region, whichyf the probe beam. The distance was calculated based on the
could be possibly deformed by the spherical aberration in thgeometrical optics and the value was used for the calculation
lens system. The next estimate®{(r) [Ady.1(r)] is deter- o the TrL signal.
mined according to the steepest-descent methéd: As another detection method, the intensity profile of the
2 9 &2 probe beam(TrL image at various delay times_ was mea-
k 5 K_ by, (8  sured by a CCD cameréTakex; TM-524NA [Fig. 3(b)].
D deg | IADr) The focusing len§L4; f=150 mn) in front of the CCD cam-
= dAPr) era was adjusted to record the image of the probe beam at the
position of the collimation lengL1).
where ¢ (>0) is a retardation factor, which is adjusted to  The sample was a commercial microscope slide glass
reduce the squared error. The iteration is continued until thglate (25X 60X 1 mm) made of a soda-lime glas&SiO,
squared error becomes smaller than a certain value, or3%, ALO; 1%, CaO 6%, MgO 4%, N® 15%, FgOs
A¢(r) or g, does not change after any further iterations.  >1%, SQ, K,0 1%). Because the TrL signal by an irrevers-
ible reaction was measured in this experiment, the glass
sample was moved by a computer-controlled stepping motor
. EXPERIMENT during data acquisition to avoid multi-irradiation at the same

. . . spot.
Figure 3 depicts the experimental setup for the TrL mea- P

surement. A near-infrared femtosecond laser pySEA-

2001 Clark-MXR Inc; wavelength, 775 nm; pulse width, IV. RESULT AND DISCUSSION
~500 fs; repetition rate, 0.5-1 khzvas split into two with

a beam splitter. One of them was used as a pump beam and
the other was passed through a BBO crystal to generate the Figure 4 shows the TrL signal after the pump pullseser
second harmonic, which was used as a probe beam. Thmwer 0.55u)/pulse; pulse width 500 fsvas focused inside
probe beam was temporally delayed by an optical delay lin¢he glass plate at=-0.06 mm. The essential features of the
against the pump pulse. The collimated pump and prob@rL signal have been reported previouslywe first briefly
beams were passed through aficroscope objective lens summarize the features. In the shorter time ragg2 to 10
collinearly and focused inside a glass plétgpically about ps) shown in the inset of Fig. 4, a negative sig@étcrease
500um distant from the glass surfacdll of the pump-laser of the transmittance through the aperture of 0.5 mm radius
power we used in this study was in a weak power range naappears immediately after the irradiation. This signal decays
to create a void in the glass. The probe beam after passingery fast, and the light intensity returns back to that before
through the photoexcited region was collimated by a lenghe irradiation. The time duration of this signal is almost

r

Adyra(r) = Aepy(r) =

A. Transient lens signal

024113-4
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3.0F 2 i [Isi&(s)]. The principle of the retrieving method is described
E L. in Sec. Il C. However, we found that this retrieval calculation
26k 8 . is very sensitive to the initial estimate function for the itera-
50-5 : : tive calculation[A¢g(r)] and that it is almost impossible to
22 152 obtain a reliable profile without knowing the origin of the
— oscillation. In order to resolve this dilemma, we have to
‘é’ 1.3 e guess a plausible origin of the TrL signal first.
2
5 1.4basl B. Calculated TrL signal based on the thermoelastic
E relaxation model
— 1O Considering that the focusing of the femtosecond laser
pulse inside a glass leads the photoexcitation of the material
0.6 and that the thermal energy should be released by the nonra-
diative relaxation, we may reasonably speculate that the ther-
0.2 moelastic response of the material causes the TrL signal.
Based on this idea, we calculated the material response after
0.2 the laser-induced heating and then calculate the TrL signal.

0 500 1000 1500 2000 First, the material response after the laser-induced tem-
time (ps) perature change was calculated using the thermoelastic wave
equatior?’~2°Under the assumption that the temperature dis-
FIG. 4. Observed TrL signals after the irradiation of the femto-tribytion induced by the tightly focused laser pulse has
second laser puls_e_ inside a glass at various distances between Té'pherical symmetry, the thermoelastic wave equation in an
and the focal position of the probe bedd). The plots are offset jsqtropic solid can be expressed by only one spatial variable,

vertically for clarity and the baselind, =1.0) for each signal is R, the radial position from the symmetric center of the tem-
depicted by a broken line. The inset figure shows the TrL signal irberature distribution:

a short time range measureddst—0.06 mm.
AultR _ Y(1-o) <a2u(t,R) L 19 u(t,R))
2 (1+o(l-20)\ IR R 4R

equal to that of the pump pulde-500 f9. Sinced is nega- p
tive in this case, the decrease of the transmittance indicates
the creation of convex lens at the photoirradiated region. Y ut,R) YB IdT(t,R)
Considering the ultrafast response of the signal, we attribute B (1+0)(1-20) R? - 3(1-20) IR
the main origin of the signal to the electronic response of the
optical Kerr effect(OKE), which has been reported in the ©)
liquid phase previousl8? The sign of the refractive index wherep is the densityu(t,R) stands for the displacement
change(én>0) agrees with this assignmefit'® along the radial directiony is Young’s modulusg is Pois-
Another type of the TrL signal appears in a long time son’s ratio,3 is the thermal expansion coefficient, afd, R)
range. This signal intensity oscillates with a time period ofjs the laser-induced temperature distribution. We solved Eq.
about 800 ps. For example, ét=-0.06 mm, the transmit- (9) numerically by the finite element calculation techni#fue

tance of the probe light decreases gradually in the first 250 pgith the following initial and boundary conditions:
and oscillates several times until about 2000 ps. Intuitively, if

we consider only the Gaussian-type refractive-index distribu- ut=0,R =0,
tion as the source of the lens signal, the oscillation suggests
the oscillating refractive index at the center of the beam be- u(t,R=0)=u(t,R==)=0 (10

tweendn>0 anddn< 0. If this interpretation is correct, the
density of the glass at the photoirradiated region may in
crease and decrease several times. However, we do not think Ju(t,R) -1
this interpretation is correct, because of the following reason. p(t,R) = po< R 1) ,
Figure 4 shows the TrL signals under variodswith the
same pump-pulse energy. This result clearly shows that thgherep, is the density before the laser irradiation. The tem-
phase and the frequency of the oscillation depend.dfithe  perature distribution is assumed to be a Gaussian spatial
oscillation of the density at the photoirradiated region is theshape and rises exponentially with a lifetimeqf,, which
cause of the TrL signal oscillation, the phase and the freis called a heating time:
quency of the TrL signal oscillation must be determined by R
the material response and must be independent of the ge _ _ _ _
metric distanced. Therefore, we exclude the possibility of R —T0+ATexp< temp){l OXf-Unealt (1= 0),
the density oscillation at the focal region. (12)

In order to find the origin of the oscillation, it is preferable
to directly determine the spatial distribution of the refractivewhereT, is the ambient temperaturdT is the temperature
index [A¢(r)] from the intensity profile of the probe beam increase, an@vn,is the width of the temperature distribu-

The density in the irradiated regidp(t,R)] is given by

11

2
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at various times after heating witheq=1.0 um and AT
=1000 K. Initially, the density around the center gradually
decreases because of the thermal expansion at the central
region. Simultaneously, the density arouRe1.2—2.0um
increases untii=240 ps. After about 400 ps, a pressure wave
becomes apparent around the center and propagates outwards
with the velocity of 5.8um/ns. As expected, the velocity
obtained here is nearly the same as that calculated?from
vac=\Y(1-0)/p(1+0)(1-20) (=5.72um/ng and close to
the experimentally reported longitudinal sound velocity in a
soda-lime glas$~5.84 um/ns at room temperaturé' The
width of the pressure wave is about Quéh after 600 ps,
which is about 80% of the radius of the temperature distri-
bution. To clearly show the temporal evolution of the density
change, the density change at the center and the peak ampli-
tude of the pressure wave are plotted in Figc) 5The den-
sity at the centefbroken ling becomes minimum at 240 ps
and recovers slightly between 240 and 500 ps. In contrast,
the behavior of the peak corresponding to the pressure wave
(solid line) is opposite to that at the center.

We next calculate the TrL signal from th&p(t,R) ob-
tained under variousiem, [=p(t,R)—po]. It is assumed that
the phase distributiom\¢(t,r) is proportional to the total
density changé\p(t,R) integrated along the optical path:

Ag(t,r) = af Ap(t,R)dz, (13

where « is a constant, which is determined by the wave-
length of the probe beam and the refractive index of a mate-
rial.

The calculated TrL signals from Eq$3) and (13) and
Ap(t,R) at various Wy, with the parameters ofd
=-0.06 mm, A=388 nm, andf,=300 nm are depicted in
Fig. 6. For qualitative discussion, we normalize)(t,r) at
the positive maximum amplitude by adjustirg Interest-
ingly, although there is no oscillating behavior jpit,R)
[Figs. 5a) and 3b)], the calculated TrL signal oscillates
(Fig. 6). The feature of the oscillation depends on the tem-

FIG. 5. (a), (b) Calculated spatial distribution of density changes P€rature distribution. For example, with increasingy, the

at various times by Eq$9)—(12) with 7,¢,=0.5 ps.(c) The broken

period of the oscillation becomes longer.

and the solid lines depict the temporal evolutions of the density The TrL signals at variousl are shown in Fig. 7 with
change at the center and the peak of the pressure wave, respectivétemp= 1.5 um. Interestingly, we found that the calculated

signals at variousd reproduce well the experimental ob-

tion, which may not be the same as the spatial width of th&ervedd dependence described in the previous sedtfog.
pump pulse due to the multiphoton excitation.
Using Egs.(9)«12), we calculated the density distribu- calculated from the thermoelastic equation mimics the origin
tion change of the material after the photoexcitation in theof the oscillating TrL signal. Since the period of the oscilla-
confined local region. For simplicity, the equations weretion depends oMem,as shown in Fig. 6wem, under the
solved under assumptions that all mechanical constants apgesent experimental condition may be estimated by compar-
spatially uniform and independent of temperature. Undeing the experimental profile to the calculated aifég. 6).
these assumptions, the qualitative feature of the calculateGomparing the data of Fig. 4 with Fig. 6, we found that the

density change does not depend on the magnitudelrpbut

4). This agreement strongly supports that the density change

calculated signal witwe,=1.0-1.5um reproduces the es-

only the amplitude of the change does. We used the pulsgential feature of the observed TrL signal.

width of the laser asye, (=0.5 pg throughout this paper.

Qualitatively, the origin of the oscillation of the TrL signal

For example, Figs. &) and Jb) show the normalized den- should be the propagation of the pressure wave, because the

sity distributions [p(t,R)/pg] of the soda-lime glas$pg
=2.51 gcm?3, Y=72.9 GPag=0.21, and3=72Xx 107 K™1]

central density dip does not depend on time so much in a
longer time range€t>600 ps [Fig. 5b)]. We confirm this
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0 Sooﬁméo(oos) 1500 2000 FIG. 8. Images of the probe beam detected by the CCD camera
p at the time delays ofa) —40 ps and(b) 720 ps. Because all the

FIG. 6. Calculated TrL signals from the density distribution ob- images are cir(_:ularly sym_metric,_ t_he intensities of the probe beam

tained by the thermoelastic equation with various widths of the?'® plotted against t_he_radlal_p05|_t|or_1 frqm the symmetrlc_csﬁrljsr.

temperature distributionieny. The dotted line is the TrL signal and (d) are the radial intensity distributions of the TrL signals at
P temp’: 9 —40 ps and 720 ps, respectively.

calculated from the function, which contains only the contribution

of the acoustic wave propagation with a width of i@ [Eq. (14)]. Ad(T) = exd{(r = vt)/W.l2 14
All the plots are vertically offset for clarity and the baselifig, ¢(t0) AT = vac/Wadt], (14)
=1.0) for each signal is depicted by a broken line. wherev,. andw, are the velocity and width of the pressure

wave, respectively. This function mimics the phase distribu-
tion due to the pressure wave propagation. The dotted line in
Fig. 6 is the simulated TrL signal using E@L4) with w,.
=1.0 um andv,.=5.8 um/ns. It clearly shows that the ori-
gin of the oscillation is the pressure-wave propagation.

speculation by calculating the TrL signal from only the
acoustic contribution, which may be expressed by

C. The refractive-index distribution from the TrL image

In the preceding section, we showed that the pressure-
wave propagation can reproduce the essential feature of the
observed TrL signal. We next try to determifne(t,r) by the
curve fitting of the TrL image at various delay times. Typical
TrL images obtained under a condition ¢£-0.06 mm, f
=30 mm, and 0.5%J/pulse at-40 ps and 720 ps are shown
in Figs. 8a) and 8b), respectively. The TrL image is trans-
formed into the radial distribution profile of the light inten-
sity as shown in Fig. @) and §d). We fit this distribution to
obtainA¢(t,r).

As mentioned previously, it is important to select an ap-
propriate initial estimate functioA ¢y(t,r) for searching re-
liable Ag(t,r) in the phase-retrieval calculation. Since it was
found that the physical origin of the oscillating TrL signal is
the pressure-wave generation and propagation due to the
thermoelastic relaxation of the laser-irradiated material in the
preceding section, we expressgy(t,r) in terms of the
pressure-wave propagation. Considering the spatial and tem-
0 500 1000 1500 2000 poral profile shown in Fig. 5, we used the following function

time (ps) as an initial estimate function for fitting the TrL images:

[ 1, (arb.units)

FIG. 7. Calculated TrL signals bi(p(t,R) from the thermoelas-  Ado(t,r) = = Ajexd — (r/wy)?] + Apexd {(r — vad)/Wad?],
tic equation[Eg. (9)] with Wiem=1.5um at various distances be- (15)
tween TrL and the focal position of the probe beédy. All the
plots are vertically offset for clarity and the baselifig, =1.0 for ~ where the first term represents the central dip due to thermal
each signal is depicted by a broken line. expansion and the second one is the contribution of the
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s (mm) 1 (um) position of the pressure wave.

FIG. 9. (a) The spatial intensity profiles of the probe beam distribution has a positive shape, which indicates that the
[1sia(s)] at various delay timeopen circles and their fittings by ~ refractive index increased after fs-laser irradiation.
the phase retrieval calculatigsolid lines. The baselingl 5c=0) in The change ofA¢(t,r) immediately after the photoexci-
each profile is on the same level as the poinsa8 mm.(b) The  tation is dramatic: the phase distribution at 1 ps consists of a
temporal evolution of the phase distribution functiamb(t,r) ob- large hollow with a diameter of about Ou®n and sharp and
tained by this phase-retrieval calculation of the TrL images. Allbroad positive peaks at 1.2 and 3ubn, respectively. To
traces are offset for clarity; the baselife=0) in each trace is on clearly show the temporal evolution afé(t,r), the phase at
the same level as the pointrat 12 um. The open circles depictthe the center and that at the peak of the pressure wave are
phase distribution obtained at more than 10 s, after the photoirray|otted against the delay times in Fig. 10. The phase at the
diation of about 1000 pulses with a 1-kHz repetition rate. The pOSi'Center(broken ling, which is negative immediately after the
tive phase change &t-10 s indicates that the refractive index in- photoexcitation, increases from 20 to 100 ps, and gradually
creases by the present femtosecond laser irradiation. decreases until 480 ps. After 500 ps, the central phase in-
] ) creases until 700 ps and remains nearly constant in a longer
pressure-wave propagation. An appropriate set of the parangme range(700—2000 ps On the other hand, the phase at
eters ofA;, vac andw,, is used for reproducing the amplitude {he position of the pressure waysolid line) gradually in-
and frequency of the oscillation of the TrL sign@.g., A, creases until 480 ps and decays slowly.
=0.5,04,=5.8 um/ns, andw,.=1.0 um for the data of Fig. It is particularly interesting to note the initial rapid in-
9). The other parametersy andwl are determined to repro- rease of the phase at the cent@0—100 ps No such
duce the TrL image at each time. o ~ change is predicted in the thermoelastic calculation and the
_Figures 9a) and 9b) show the fitted radial intensity dis- qyigin is not clear at present. However, we may speculate the
tribution of the TrL images and final ¢(t,r) obtained from  qrigin as the structural change of the glass at a high tempera-
the fitting, respectively. The results of the phase-retrieval calyyre under a high pressure, because of the following reasons.
culation reproduce the intensity distribution very well at all gjpce it is reported that the lifetime of plasma in $i®
delay times. Especially, the intensity distribution in the cen-shorter than 1 ps, and the energy of photoexcited electrons is
tral region is well reproduced. On the other hand, the pointgransferred to the lattice within 1 ps in Siéf the tempera-
at largers are poorly fitted, becauskeds) with a nearly  tyre of this region is certainly elevated very rapidly and dra-
Gaussian function shape was used as the weight faete)]  matically. However, the density change cannot occur until
in the calculation. This choice af(s) is important for reli-  the pressure wave propagates away from the irradiated re-
able retrieves, because the light intensity at lasge weak gion, which is in an order of 400 ps. Hence, the high-
and easily disturbed by the aberration. Although each daturtemperature region is confined in a limited volume, and it
in Fig. 9@ at various times was fitted independently, thesuggests that the pressure in this region at this time should be
phase distribution functiomM¢(t,r) shown in Fig. $b)  very high as estimated in the next section. Under such con-
changes continuously with time. No abrupt change inditions, the rearrangement of the atoms in the glass could
Ag(t,r) supports the reliability of the fitting. We also take place, and the observed change\ij(t,r) in the fast
showed the phase distribution of the photoexcited region aftime region(20—100 ps may reflect this structural change at
ter 10 s of the laser irradiation. Because the lens effect by high temperature and under high pressiire.
final structure with only one pulse was too slight to obtain Between 300 and 500 ps, the phase aroundp®Qin-
the phase distribution, we showed the phase distribution aftesreases with gradually changing its position outwatdtted
about 1000 shots of fs-laser pulses with 1 kHz. The phaséne in Fig. 10. This increase corresponds to the pressure-
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wave generation. After 500 ps, the positive peak due to the D. Estimates of density, pressure, and temperature changes

pressure wave propagates outward with a constant velocity | this section, magnitudes of the density, pressure, and
(5.8 um/ng. The good agreement of this velocity with the temperature by laser irradiation is estimated from the experi-
|0ngitudina| sound Velocity in the soda-lime glaSS at roommenta”y obtained phase Change_ From F|g 10' the phase
temperaturé5.8 um/ng suggests that the temperature of thisshift due to the pressure wave was calculated toAle
region, in which the pressure wave propagates with the con=0.5 on average. Under the assumption that the refractive
stant velocity, is not elevated by the laser irradiation and théndex is proportional to the density change, the phase shift
pressure wave behaves as an elastic wa¥ée width of the  can be written &8
pressure wave was 0.98n and the phase shift due to the

pressure wave was 0.5 on average. Ag= ZWA_”l = 2m(ny - 1)_|_ (16)

Another interesting point in Fig. 10 is that the phase at the A o A

center increases from 500 to 700 ps, and this increase ocCUgere An s refractive-index changey, and p, are the re-

simultaneously with the onset of the pressure-wave propagdractive index and density before photoirradiation, dnig

tion. From the thermoelastic calculati¢Rig. 5), this phase the length of the pressure wave along the probe beam axis.

increase should be attributed to the density increase. Thisince other previous studies showed that the length of the

density increase is caused by the generation and propagati@fructural change along the pump beam is less tham®®°

of the pressure wave. This gives a real-time observation ofve assumedti=20 um. Using the experimental values fog

the density increase at the fs-laser-irradiated region inside and\, A¢=0.5 corresponds to the density chafide/ pg) of

glass induced by the pressure wave. This density increasg least 0.2 %.

will be discussed in a later sectighV E). The pressurép) due to the density chandap/ p,) can be
Although the qualitative features of the phase distributioncalculated b§’+28

(Fig. 10 look similar to those of the density change calcu-

lated by the thermoelastic equatififig. 5(c)], the response p= L(%) (17)

time is different. In the thermoelastic calculation, the central 3(1-20)\ po

denS|ty_ be_co”?es m|n|mum_at .290 PS. Ho_vvever, experlmenUSing this equation, we estimate the pressure due to the den-

tally, this time is 480 ps, which is about twice larger than thegj, change is about 83 MPa. Since the velocity of the pres-

expected value. This difference may be due to the assUmpyre \wave is nearly same as the longitudinal sound velocity,

tion we used in the thermoelastic calculation; mechanic he pressure shouid not be large enough to affect the struc-
constantsYoung’s modulus, Poisson’s ratio, and so) @o ture in nonirradiated region.

not c_jepend on temperature. The slo_vver response of the den- |, ,rger 1o reproduce the 0.2% change in the acoustic
sity in the experiment can be explained by the temperaturge i by the thermoelastic calculation, the temperature at
dependence of Young modulus. Itis well known that Youngyne center of the laser beam should be larger than at least
modulus of the ;oda—llme glass decrgasgs W'th Increasing koo K, even if we assume that the material response is still
temperaturé? Since the sound velocity in solid is propor- i e jinear region. The elevation of the temperature to 4000

tional to the square root of the Young mlodulusz the. mechanig jnqyces the pressure increase of 0.3 GPa at the beam cen-
cal response is expected to be slower in a solid with smallefa; trom an equation of

Young modulus. Therefore, the slower time response of the

density change in the experiment indicates the smaller Young _ Y
modulus in the laser-irradiated region, because of the tem- P= 3(1- zg)ﬂ
perature rise.

After the pressure wave escapes away from the probé molecular dynamiC$MD) simulation StUdy of fused silica
beam regior{t>2000 p3, there is little temporal change in under high-pressuféand shock experimerftsshowed that
Ad)(t’r) as evident by the Comparison of the phase distribulhe Structura-l transformatioﬁor.e?(ample, elastic to plastiC
tions between at 2000 and 5000 ps in Figh)9The small ~and change in the number of Si ringecurs above 8 GPa at
temporal change i (t,r) after 2000 ps might suggest the 300 K. Even though this transformation pressure is larger
stable structure in the photoexcited region at 2000 ps. Howthan _that calculateq from this experimef®.3 GPa, it is '
ever, the phase distribution after 10tse open circles in Fig. Plausible that the high temperature at the laser focal region
9), which should reflect the completely relaxed structure,may'”duce the conformational change in the glass under this
shows a positive refractive-index change, while that at 500(ressure.
ps shows a negative change. It indicates that the photoex-
cited material is not completely relaxed at 5000 ps. The dif-
ference is easily explained by the localized thermal energy in
the irradiated region at 5000 pSbecause the thermal diffu-  We observed the structure with high refractive index in
sion time is calculated to be much londer1 us) than 5000 the fs-laser focal region after irradiatidnpened circles in
ps®27.28 Therefore, the little difference id¢(t,r) during  Fig. 9). Previously, the origins of the refractive-index in-
2000-5000 ps suggests that the laser-irradiated regiotrease were studied and attributed to densification of the ir-
reaches mechanical equilibrium under the quasistatic nonunradiated material, color center creation, or defect
form temperature distribution by 2000 ps. formation!6-8 The color center could account for the

AT. (18)

E. Material deformation process and effect
of the pulse duration
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refractive-index increase as expected from the Kramerstypically Wiemg=1 um andv,.=6 um/ns; hencer,. is about
Kronig relation between light absorption and refractive 160 ps. This result means that only a weak pressure wave is
index1618 In fact, a recent MD simulation by Sen and generated, if we use a nanosecond-pulsed laser. In order to
Dickinson'® revealed that the color center is created aftercreate a comparable pressure wave by a nanosecond pulse as
photoexcitation of a silica glass and refractive-index in-that by a femotosecond pulse, the total energy of the nano-
crease. However, Streltsat al® showed that only the in- second laser light should be much larger, and the focusing of
duced color center cannot account for the observedhis light may result in a cracking at the irradiated region.
refractive-index increase based on annealing experiments at The phase distributions at 2000 and 5000 ps in Fig. 9
several temperatures. The micro-Raman observation by Chandicate that the density in the central region decreased by
et al’ confirmed that the densified structure is created in thehe thermal expansion and the surrounding region is com-
laser focal region. Therefore, it may be appropriate to conpressed. This low density due to the localized high tempera-
sider that the macroscopic structural charige., densifica- ture should disappear by the thermal diffusion process in a
tion) should be important for the refractive-index change.few microseconds. It is important to note here that only a
The observation of the material deformation process in thisocalized high-temperature distribution, which can be
study should provide a clue to elucidate the mechanism oéchieved by a nanosecond laser pulse, cannot account for the
the structural change. permanent refractive-index increase. Hence, the structural
It is now widely recognized that the effect of the laser change in the picosecond time range should be important for
irradiation of femtosecond pulses inside a glass is completelthe cause of the permanent refractive-index increase, al-
different from that of nanosecond laser pulses. In particularthough the refractive-index change in the central region is
the small and smooth structure with a high refractive indexstill negative in this time range due to the thermal expansion
after the laser light irradiation has been observed only usingffect. In other words, the cause of the structural change that
femtosecond pulsed laser. How does the pulse duration of tHeads to the permanent refractive-index increase is already
laser affect the structural change in the laser focal regionformed on this fast time scale, and the glass structure, which
Several researchers have suggested that temperature in @y possess a positive refractive-index change remains and
fs-laser focal region becomes as high as the glass transitidiecomes apparent as the permanent change after the thermal
temperaturdfor example, the estimated temperature after fs-energy is diffused out from the irradiated region in the range
laser irradiation is as high as 1800 K for a fused sfi®a  of a few microseconds.
based on observations of Raman scattefinghoto- In this study, we found two phases of the refractive-index
luminescencé? and morphology of the final structufdt has  increase within a nanosecoftthe broken line in Fig. 10 at
been sometimes considered that a laser pulse with sever20-100 and 500-700 ps, in the laser focal region inside a
picoseconds duration may be required for creating a localglass. The first change may be induced by the conformational
ized high-temperature region, which may be the origin of thechange at high temperature under high pressure in the con-
densificatior’.® However, a picosecond pulse is not actuallyfined region as discussed in Secs. IVC and IV D. This
necessary for the creation of the localized high temperaturehange may remain even after the pressure decreases by the
(temperature confinementbecause the thermal diffusion acoustic propagation from the irradiated region and also after
time from a 1pm region is much longer than 1 ns as shownthe temperature decreases by the thermal diffusion process in
in Sec. IV C. Therefore, a temperature elevation in a locala later time to produce the permanent refractive-index
ized region can be achieved even by a nanosecond lasehange.
pulse. The transient density increase at 500-700 ps, which is
On the other hand, the thermoelastic relaxation accompasbserved in the result of the thermoelastic calculafigigy.
nied with a pressure wave observed in this study should be a(c)], is explained in terms of the recovery from the rapid
unigue phenomenon with a femtosecond laser pulse. Ulthermal expansion of the central material. In order to exam-
trashort laser irradiation of the material induces temperaturéne the effect of the laser pulse duration on the density
elevation in the irradiated region with no displacement of thechange at the center, we calculated the thermoelastic relax-
material. The nonequilibrium due to the sudden temperaturation of the material after the heating of the volume with 1
change with no displacement causes large mechanical stregs in a radius with various heating timé¢s,e,). The calcu-
(thermoelastic stress confinemeim the irradiated region, lation was conducted by the same method described in Sec.
and the following stress relaxation generates stress wavéV B. The temporal evolutions of the density change at the
Some studies on laser ablation have also shown that the thesenter with variousn,q5;are shown in Fig. 11. Whef, g, 1S
moelastic stress confinement is essential to generate a stroag short as 10 ps, the density at the center decreases first 200
shock wave?227:2835 This confinement should be very weak ps but recovers from 200 to 500 ps. Ag,:becomes longer,
if we focus a nanosecond pulse in a volume-ef um3,  the density recovery becomes smaller and disappears with
because the extent of the stress confinement is determined by,,= 200 ps. It indicates that the heating time have to be as
a condition oOf 7ea< Tacy Where 7e4 IS the heating time of short as 10 ps to maximize the density recovery. Therefore,
the material, andr,. is the characteristic time of acoustic this density recovery is also a unique phenomena for focus-
relaxatior?® If the time scale of the energy transfer betweening of the femtosecond-laser pulse.
electron and phonon is as fast as several picoseconds, the Chanet al. also suggest that their observation of Raman
heating time of the material is comparable to the pulse duraband change may reflect the shock wave and the shock wave
tion of the pump laser. On the other hang, is an order of  should induce densification of the irradiated gladur ob-
acoustic transit time from the heated region. In this studyservation clearly shows the pressure wave and supports their
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0.0 T T

N T T A¢(t,r) were calculated from the TrL image using the phase-
"-._.\‘ O 1. ~lps retrieval method. We found) the refractive-index distribu-
a\sh heat tion changes immediately after the photoexcitatiti), the
01F a\:h A 7.,~10ps |

refractive index increase in 20—-100 {§i) the generation
and propagation of the pressure watre) the increase of the
density at the center of the laser-irradiated region accompa-
nied by the acoustic wave propagati@d0—700 ps and(v)
quasistatic temperature distribution in the laser-irradiated re-
gion in the time window of this experimet-5000 p3. The
refractive-index increase at 20-100 ps may be caused by the
structural change of the glass at high temperature under high
pressure. This fast change in the refractive index and the
0 2(')0 4(')0 6(')0 8(')0 1000 pressure-wave generatior_w and transient density increase
time (ps) sh(_)uld b(_a unique events induced by the femtosecond_ laser.
This fact indicates that the pressure wave could be an impor-
FIG. 11. The calculated density changes at the center of théant factor for creating the structural change. Although we do
heated region are shown as a function of the heating times). not observe the refractive-index change in nanosecond—
The calculations were conducted using the thermoelastic equatiomicrosecond time range, the cause of the permanent
[Egs. (9—(12)] with the mechanical constants of the soda-lime refractive-index change should be already created in the pi-
glass,AT=1000 K,Wiem=1 um, andmea=1, 10, 50, 100, and 200 cosecond range of this study. After the thermal diffusion
ps, respectively. from the irradiated region, the result of the structural change
becomes apparent as the permanent refractive-index change
Suggestion_ The observation in a much |0nger time range a&thh we observed at 10 s after the irradiation. The obser-
well as a more elaborate calculation may be necessary for théation in this study will open a way to elucidate the mecha-
further investigation of this effect and will be reported in hism of femtosecond-laser-induced refractive-index increase
future. inside a glass.
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