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We have investigated the wavelength dependence of the photoreduction of Ag1 ions in glass
irradiated by visible femtosecond pulses. These pulses, issued at wavelengths ranging from 400 to
800 nm, were nonresonant with the glass absorption. In this article, a relationship between threshold
powers, wavelengths, and linear and nonlinear refractive indices is described. The nonlinear
refractive index of Ag1-doped glass was measured by an optical Kerr shutter method. The
wavelength dependence of threshold powers of the photoreduction is explained by considering
linear and nonlinear refractive indices. The mechanism of the photoreduction is also discussed.
© 2000 American Institute of Physics.@S0021-8979~00!05615-2#

I. INTRODUCTION

Glasses are of great use in various industrial fields. As
compared with other materials, glasses have various advan-
tages in their thermal stability, chemical durability, hardness,
transparency, etc. To date, the irradiation of light with a
shorter wavelength such as ultraviolet light or X ray on
glasses, has been utilized to change their surface structure
through the photochemical reactions. For example, such an
irradiation results in the reaction of the entire exposed region
of the glass surface. However, since glass materials absorb
the light with a shorter wavelength, the light intensity de-
creases as the light penetrates deeper into materials. There-
fore, the reaction degree in the inside of glass materials is
less than that at the surface. For the reason described above,
a shorter wavelength light is adequate to modify the glass
surface but not for the glass interior. However, there have
been some studies using multiphoton processes. This multi-
photon process caused by the femtosecond laser pulses hav-
ing a high intensity is very attractive, since the light at a
longer wavelength, for example visible light, can concentrate
on the focal point inside the glasses without the absorption of
the light. Namely, the feature of multiphoton reaction is a
point access to a specific position inside glasses. Therefore,
the multiphoton process is very useful in modifying the glass
interior. It is well known that the electric field of one pulse of
a focused femtosecond laser beam can be as high as
108– 109 V/cm ~light intensities of about 100 TW/cm2!.
Therefore, when a 100 fs pulse with a 1 mJpulse energy is
focused onto an area of 1024 cm2, it may be possible to
cause photochemical reaction through the multiphoton pro-
cess. These photochemical reactions may occur even at vis-

ible wavelengths which are nonresonant with the glass ab-
sorption. From this viewpoint, it can be determined that the
use of the femtosecond laser may become one of the newer
tools to change the material’s internal structure. More re-
cently, the internal modification of glass structure has been
reported using focused irradiation of ultrashort pulse
lasers.1–8 So far, we have reported on the photoreduction of
Ag1 ions to Ag atoms8 with the focused irradiation of visible
femtosecond pulses.9–12 Focused irradiation of femtosecond
pulses causes the following reaction: Ag11nonbridging
oxygen in glass~NBO!→Ag01NBO1.11 Namely, Ag1 ions
are reduced to Ag0 atoms and hole trap centers at NBO near
Ag1 ions are formed by focused irradiation of femtosecond
pulses at nonresonant wavelength. Moreover, we have shown
that the photoreduction of Ag1 ions is closely correlated
with filamentation of the femtosecond beam due to self
focusing.11 However, the photochemical reaction induced by
nonresonant femtosecond pulses has not been clarified yet. In
this study, we investigate the wavelength dependence of the
photoreduction of Ag1 ions and propose a mechanism of the
photoreduction.

II. EXPERIMENT

A. Sample preparation

The batch composition of the glass was the same as in
our previous studies,9–11 i.e., 74SiO2–5Al2O3–4ZnO–
17Na2O–8F in mol ratio including 47 ppm of Sb2O3, 42
ppm of SnO2, and 8 ppm of Ag. Reagent grades of SiO2 ,
Al2O3 , ZnO, Na2CO3, NaF, Sb2O5, SnO2, and AgCl were
used as the raw materials. A 400 g batch was melted at
1450 °C for 2 h with stirring in a Pt crucible in air in an
electric furnace. The liquid was poured onto a stainless steel
plate. Glass was annealed at 470 °C for 4 h. Samples were
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polished to a thickness of 2 mm. The band gap of the exam-
ined glass was estimated to be between 6 and 7 eV by using
Kramers–Kronig analysis of a reflectance spectrum of simi-
lar composition glass (1Na2O–1CaO–5SiO2) in Ref. 13. Ir-
radiation of light with a photon energy higher than the band-
gap energy causes the photochemical reaction,
Ag11NBO→Ag01NBO1.

B. Focused irradiation of femtosecond laser beam

Light sources for irradiation of the samples were three
kinds of femtosecond lasers at visible wavelengths: a regen-
eratively amplified 800 nm Ti–sapphire laser, which emitted
1 mJ, 12565 fs, 1 kHz mode-locked pulses, second har-
monic generation~SHG! light of a regeneratively amplified
Ti31: Al 2O3 laser generated by BaB2O4 ~BBO! crystal
which emitted 40mJ, 12565 fs, 1 kHz mode-locked pulses
at 400 nm, and an optical parametric amplifier~OPA! which
emitted 10mJ, 15565 fs, 630 nm, 1 kHz mode-locked pulses
by pumping with a regeneratively amplified 800 nm Ti–
sapphire laser. The wavelengths of the laser beam were set at
400, 630, and 800 nm. Details of the irradiation setup are
described in Ref. 11. The laser beam was focused into the
glasses through a focusing lens of 50 mm focal length. No
intrinsic absorption is observed in the visible region, i.e.,
400–800 nm with absorption coefficients,1022 cm21. The
spot sizes at 400, 630, and 800 nm were 14, 26, and 33mm,
respectively.

We have confirmed that the photochemical reaction
Ag11NBO→Ag01NBO1 was caused by focused irradia-
tion of visible femtosecond pulses.11 Because the photo-
chemical reaction region was obscure after irradiation, devel-
opment ~heat treatment! was performed to make it clear
where the photochemical reaction region was. According to
Stookey,14 it is certain that Ag colloids act as nuclei for
crystallization. After development, crystallites are precipi-
tated using Ag colloids as nuclei. To clarify the photoreduc-
tion region, the samples after irradiation were heated at
540 °C for 30 min and held at 100 °C for 3 h and then heated
again at 580 °C for 30 min to precipitate crystallites. A
20003 microscope was used to determine whether crystalli-
zation occurred at a focal point. The crystallized region is
dependent on the heat treatment time in the normal
heterogeneous/homogeneous crystallization process~nucle-
ation and crystal growth!. On the other hand, in this case, the
crystallized region when heat treated at 580 °C for 30 min
was the same as that for 10 h. This result shows that crystal-
lization occurred using Ag colloids formed by a photochemi-
cal reaction induced by focused irradiation of femtosecond
pulses. In addition, we confirmed that Ag-free glass showed
no crystallization in the exposed region after heat treatment
following irradiation of femtosecond pulses.11 It can be said
that the crystallized region coincides with the region where
the photoreduction of Ag1 ions to Ag atoms takes place.
Therefore, in order to determine the extent of the photore-
duction of Ag1 ions, we measured the extent of crystalliza-
tion by a 4003 microscope.

When a laser beam with an ultrashort pulse such as fem-
tosecond pulse is focused, light intensityI becomes high

enough at the focal point to cause refractive index change
given by the following equation:

n5n01n2I . ~1!

Heren0 is linear refractive index andn2 is nonlinear refrac-
tive index. Self-focusing of the laser beam occurs due to an
increase in refractive index caused by the high intensityI. On
the other hand, formation of electron plasma due to the high
electric field causes a decrease in the real part of the refrac-
tive index and self-defocusing of the beam occurs.15–17 The
balance between self-focusing, self-defocusing, and natural
diffraction, makes a beam propagation without refraction and
diffraction as if it propagates in an optical fiber. This phe-
nomenon is called self-trapping or filamentation.16–23There-
fore, filamentation due to self-focusing is closely related to
nonlinear refractive index of glassn2 . Critical power of self-
focusingPcrit is expressed by23,24

Pcrit5
3.77l2

8pn0n2
, ~2!

wherel is the wavelength. The value ofPcrit is dependent on
wavelength, linear, and nonlinear refractive indices. Linear
and nonlinear refractive indices of glass are dependent on
wavelength because of their dispersion. Therefore, measure-
ments of linear and nonlinear refractive indices are very im-
portant to investigate the wavelength dependence on the
threshold powersPthr of the photoreduction of Ag1 ions and
to clarify the mechanism of photochemical reaction induced
by nonresonant femtosecond pulses.

C. Measurement of linear refractive index

The linear refractive indices were measured with a vari-
able angle spectroscopic ellipsometer~J. A. Woollam Co.
Inc., V-VASE-DIRAR!.

D. Measurement of nonlinear refractive index

Nonlinear refractive indices were measured by an optical
Kerr shutter method. The configuration of the measurement
is illustrated in Fig. 1. The light sources for the measurement
were the lasers described in Sec. II B. The repetition rate was
1 kHz. We separated the laser beam into two parts: one was
the gate beam and the other was the probe beam. The inten-
sity ratio of the gate and the probe beam was 30:1. We fo-
cused the laser beams with diameters of 2 mm onto the glass
sample by an achromatic lens with a focal length of 200 mm.
The polarization angle of the gate beam was controlled by a
half-wave plate. The glass sample was positioned between
the polarizer and the analyzer in a cross-Nicol configuration
set on the probe beam path. Detectors 1 and 2 were Si pho-
todiodes with response times of 7 and 42ms, respectively.
Detector 2 was used as a reference. We measured the aver-
aged probe signal transmitted through the analyzer delaying
the gate beam against the probe beam by a computer-
controlled stage. An aperture prevented the gate beam from
entering detector 1. We measured the transmissivityT1 for a
cross-Nicol configuration andT0 for an open-Nicol configu-
ration. The extinction ratio of the linear polarization mainte-
nance was over 30 dB.
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Downloaded 31 May 2007 to 130.54.110.22. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



The refractive index change for the optical Kerr shutter
configuration is given by the following equation:

n5n01n2B~Kerr!I g , ~3!

where I g is the gate intensity andn2B(Kerr) is the Kerr non-
linear refractive index~Kerr coefficient!, which corresponds
to the third-order nonlinear coefficient. The change in the
refractive index here induces a shift in the phasef of the
probe beam. If the phase shiftDf is small enough, using the
angle uB between the linearly polarized gate and probe
beams andDf, the transmissivityT1 for the probe beam is
given by25

T15T0 sin2~2uB!sin2S Df

2 D5T0 sin2~2uB!S Df

2 D 2

. ~4!

Using the change in the wave number of the probe beamDkp

and the effective length of the sampleLeff , the Df is given
by

Df5DkpLeff 5
2pn2B~Kerr!I g

lp
Leff . ~5!

Here,Leff5@12exp(2aL)#/a, a is the absorption coefficient
andlp is the wavelength of the probe beam. The transmis-
sivity T1 shows a maximum atuB5p/4 as expected by Eq.
~4!. Using the gate powerPg5I g /pa2 ~a: beam radius at the
focal point! instead of the gate intensityI g and substituting
Eq. ~5! into Eq. ~4!, Eq. ~4! is given by

T1

T0
5S 2n2B~Kerr!Leff

a2lp
D 2

Pg
2, ~6!

when Df is sufficiently small. When the transmissivityT1

for the cross-Nicol configuration occurs due to the optical
Kerr effect,T1 /T0 is proportional to the square ofPg . From
Eq. ~6!, the unknown Kerr coefficientn2B(Kerr) can be evalu-
ated by comparing theT1 value with the standard medium
~in this case, SiO2 glass! under the same gate power. The
n2B(Kerr) value is represented by modifying the equation in-
troduced by Kanbara26 as follows:

n2B~Kerr!5n2B,s~Kerr!

Leff,s

Leff
S ~T1 /T0!

~T1 /T0!s
D 1/2

, ~7!

where the suffixs indicates the standard, which was synthe-
sized SiO2 glass fabricated by the vapor axial deposition
method~supplied by Asahi Glass Co. Ltd., Japan!. TheDn in
a Kerr shutter can be expressed by the following equation
using the components, parallel (Dni) and perpendicular
(Dn') to the polarization of the gate beam

Dn5Dni2Dn' . ~8!

If the electronic polarization effect is dominant,Dni

51/3Dn' .27 Therefore, Eq.~8! becomes as follows:

Dn5n2BI g5 2
3Dni . ~9!

When the wavelength of the gate beam is the same as that of
the probe beam,Dni5n2I g . From Eq. ~9!, the nonlinear
refractive indexn2 is given by

n25 3
2n2B~Kerr! . ~10!

Substituting Eq.~10! into Eq. ~7!, the nonlinear refractive
index of the glass sample was evaluated as follows:

n25n2,s

Leff,s

Leff
S ~T1 /T0!

~T1 /T0!s
D 1/2

. ~11!

The value ofn2,s of the synthesized SiO2 glass as the stan-
dard sample is 2.48310220m2/W at 800 nm and 3.25
310220m2/W at 400 nm.28 We used then2,s value of 2.88
310220m2/W at 630 nm from Ref. 29. Although in Ref. 29,
the value was measured at 694 nm, we assumed little disper-
sion from 630 to 694 nm. All glass samples were 1 mm in
thickness.

To confirm that the electron polarization was the domi-
nant mechanism for the nonlinear optical effect, we mea-
sured the decay of the probe transmittance at the cross-Nicol
configuration by varying the time delay between gate and
probe pulse. An autocorrelation trace of the gate pulse was
also measured by using BBO crystal as the SHG crystal to
estimate the pulse width of the gate beam.

III. RESULTS

A. Photochemical reaction

We investigated the dependence of the femtosecond la-
ser power on the extent of the photochemical reaction region.

FIG. 1. The experimental setup for the
Kerr shutter system. The principal
light source for the gate beam is the
regeneratively amplified Ti–sapphire
laser. The SHG generator and an OPA
are also used to generate the gate
beam. The wavelengths of femtosec-
ond laser beam were set at 400, 630,
and 800 nm. The repetition rate was 1
kHz. We separated the laser beam into
two parts: one is the gate beam and the
other the probe beam. The intensity ra-
tio of the gate and the probe beam was
30:1.
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Figure 2 shows the photochemical reaction length as a func-
tion of the incident power in a sample after 5000 pulses at
800 nm. An illustration shows the experimental scheme.
Here, the photochemical reaction length means the length of
the crystallites precipitated parallel to the direction of the
laser beam, which indicates the reaction region of
Ag11NBO→Ag01NBO1.11 When the peak power defined
as the pulse energy divided by the pulse width is more than
4 MW ~about 0.4 TW/cm2 in intensity!, the photochemical
reaction occurs and the reaction length increases with the
increase of incident power. On the other hand, the photo-
chemical reaction cannot occur if the peak power is less than
4 MW. We found that the reaction had a threshold in the
incident power. It was possible to cause the photoreduction
of Ag1 ions at the focal point in the glass where the light
intensity was sufficiently large. We observed the glass after
irradiation of 5000 pulses and subsequent heat treatment.
The incident power was varied stepwise by ND filters. We
defined the experimental threshold powerPthr and intensity
I thr for the photochemical reaction at which the reaction be-
gan to occur. The threshold intensityI thr is an intensity cal-
culated on the assumption that the self-focusing does not
occur and the beam size at the focal point is constant. Table
I shows the values ofPthr and I thr . It can be seen that the

values ofPthr increase with increasing wavelength. This be-
havior is almost the same as that of the critical powerPcrit of
self-focusing vsl.23,24ThePthr values at 630 and 400 nm are
approximately 1/2 and 1/8 as compared with that at 800 nm,
respectively. Threshold intensitiesI thr are almost constant
~about 0.4 TW/cm2! within the experimental error and inde-
pendent of wavelength.

B. Measurement of nonlinear refractive index

From Eq. ~4!, the probe transmittanceT(5T1 /T0) for
the optical Kerr shutter is proportional to the square of
sin(2uB) as follows:

T}sin2~2uB!. ~12!

Figure 3 shows the dependence of the probe transmit-
tanceT on the angleuB between the linearly polarized gate
and probe beams. The wavelength was 800 nm. The solid
line represents the calculated curve. The observedT value
shows a minimum atuB50 and a maximum atuB5p/4. The
T values change as expected according to the relationship
between the transmittanceT and the angleuB between the
linearly polarized gate and probe beams as given in Eq.~12!.
At other wavelengths, e.g., 400 or 630 nm also, the probe
transmittance for the optical Kerr shutter showed the same
dependence on the angleuB as that of 800 nm.

Figure 4 shows the probe transmittance as a function of
the gate power at 800 nm. The result of SiO2 glass is also
shown in the figure as a reference. Below the gate power of
4 GW, the measured values ofT increase in proportion to the
square ofPg as expected from Eq.~6!. When the power of a
gate beam is the same, the Ag1-doped glass shows about
two times larger transmittance than that of SiO2 glass.

To confirm that the electron polarization is the dominant
mechanism for the nonlinear optical effect, we measured the
decay of the probe transmittance at the cross-Nicol configu-
ration by varying the time delay between the gate and probe
pulses. An autocorrelation trace of the gate pulse was also
measured by using BBO crystal as the SHG crystal. Figure 5
shows both the decay curve and the autocorrelation trace.
The laser wavelength was 800 nm. It is clear that the Kerr
shutter signal of the examined glass sample is detected only
when the probe beam overlapped the gate beam. Hence, the

FIG. 2. Incident power dependence of the photoreduction region in the
sample after 5000 pulses at 800 nm using a focusing lens of 50 mm focal
length. An illustration shows the irradiation configuration. Here, the pho-
toreduction region means the length of crystallites precipitated parallel to
the direction of laser beam, which indicates the region where the reaction of
Ag11NBO→Ag01NBO1 occurs.

TABLE I. Threshold powers and intensities of the photoreduction of Ag1

ions at each wavelength of femtosecond pulses within errors of measure-
ment.

Wavelength~nm! Pthr~MW) I thr~TW/cm2)

400 0.5460.11 0.3560.07
630 2.260.40 0.4160.05
800 4.260.75 0.4960.09

FIG. 3. Dependence of the probe transmittanceT on the beam polarization
angleuB . The laser wavelength was 800 nm. The solid line representing the
calculated adequately coincides with the dots showing the observed results.
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response time of the Kerr signal of the sample is estimated to
be below 150 fs, indicating that the Kerr signal of the sample
originates from mainly pure electron polarization. Therefore,
we can calculaten2 values of Ag1-doped glass by substitut-
ing the probe transmittance of standard SiO2 glass and
Ag1-doped glass in Eq.~11!. Table II showsn2 values. Val-
ues of n0 measured by the ellipsometer are also shown in
Table II. Values ofn0 andn2 increase with decreasing wave-
length. This is due to the wavelength dispersion of the
sample.

Figure 6 shows the experimental thresholdsPthr on a
log–log plot as a function of normalized wavelength,l
•(n0•n2)21/2, calculated by using values ofn0 and n2 as
shown in Table II. The relationshipPthr5A•(l•(n0

•n2)21/2)C, was used to fit the data, with correlation coeffi-
cient C52. Here,A is constant. It is clearly seen that the
experimental thresholdsPthr are proportional to the square of
the normalized wavelength as in the case of the critical
power for self-focusing,Pcrit .

IV. DISCUSSION

As shown in Fig. 3, the observedT value changed ac-
cording to the relationship given in Eq.~12!, which indicates
that the Kerr shutter operation using the Ag1-doped glass is
driven by the optical Kerr effect. If the thermal effect was the
cause of the Kerr shutter operation, the probe transmittanceT
would not exhibit such a dependence on theuB value. The

observedT value sufficiently coincides with the calculated
one, which confirms that the nonlinear origin is the optical
Kerr effect. We calculatedn2 values of Ag1-doped glass by
substituting the probe transmittance of the standard SiO2

glass and that of Ag1-doped glass in Eq.~11!. We showed
that the dominant mechanism of the Kerr effect was electron
polarization considering the fact that the Kerr shutter re-
sponse time was below 150 fs from Fig. 5. Therefore, it can
be said thatn2 values are estimated with high accuracy.

We have shown that the photoreduction of Ag1 ions is
correlated with filamentation.11 Filamentation due to self-
focusing is closely related to linear and nonlinear refractive
indices of glass. Critical power of self-focusingPcrit ex-
pressed by Eq.~2! is proportional to the square of the nor-
malized wavelength obtained by linear and nonlinear refrac-
tive indicesl•(n0•n2)21/2.23,24 In Fig. 6, it is clearly seen
that the experimental threshold power of the photoreduction
of Ag1 ions Pthr is proportional to the square of the normal-
ized wavelengthl•(n0•n2)21/2. This indicates that the pho-
toreduction of Ag1 ions is correlated with self-focusing.
Generation of electric field high enough to cause self-
focusing in the glass induces the photochemical reaction
Ag11NBO→Ag01NBO1. Next, we will consider the pos-
sibility of some underlying mechanism of this reaction.

The Ag1-doped glass sample has no absorption at
the irradiated wavelengths, so the photoreduction of Ag1

ions should be a multiphoton reduction process. In the
case of a one-photon reaction, the photochemical reaction
Ag11NBO→Ag01NBO1 occurs when irradiated with

FIG. 6. Experimental thresholdsPthr plotted as a function of normalized
wavelengthl•(n0•n2)21/2, calculated by using values ofn0 andn2 shown
in Table II. The data are fitted to the functionPthr5A•(l•(n0•n2)21/2)C,
with correlation coefficientC52.

TABLE II. Nonlinear refractive index measured by the optical Kerr shutter
measurement and refractive index measured by the spectroscopic ellipsom-
eter at each wavelength of femtosecond pulses.

Wavelength~nm! n2(cm2/W) n0

400 8.13 10216 1.52
630 4.73 10216 1.51
800 3.53 10216 1.50

FIG. 4. Probe transmittanceT measured at 800 nm as a function of the gate
powerPg for: ~a! Ag1-doped glass and~b! SiO2 glass as a reference. TheT
values of both glasses are proportional to the square ofPg .

FIG. 5. Decay curve of the Kerr signal and the autocorrelation trace of the
gate pulse at 800 nm. The autocorrelation trace was measured by using BBO
crystal as SHG crystal.
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higher photon energy than the band gap of glass. The band
gap of the examined glass is estimated to be between 6 and 7
eV. If multiphoton absorption is the main mechanism, as the
irradiation wavelength approaches the energy corresponding
to the band gap, the photochemical reaction due to multipho-
ton absorption should be easier and the threshold intensity
should decrease. As seen in Table I, the threshold intensity
appears to be essentially independent of the wavelength. This
means that the multiphoton absorption is not the main
mechanism. According to Bloembergen,17 in the low fre-
quencies, i.e., less than half the band gap, the threshold of
nanosecond laser-induced electric breakdown is independent
of frequency and the result is consistent with the avalanche
ionization mechanism. In this study, the threshold intensities
of the photochemical reaction are also independent of laser
wavelength. We propose that the mechanism of the photo-
chemical reaction Ag11NBO→Ag01NBO1 is also ava-
lanche ionization. The mechanism we consider is as follows.
Following the irradiation of the focused femtosecond laser,
in the first stage, the electron is excited by transitions from
the valence band to the conduction band by multiphoton ab-
sorption. This free electron acts as an initiation for the pho-
tochemical reaction. As soon as this electron is formed, the
electron may be accelerated by the high electric field induced
by the high peak power of femtosecond pulses. This accel-
erated free electron has a high possibility of reducing the
Ag1 ions and creating another new electron with a suffi-
ciently high energy in the next collision. This ionization pro-
cess may continue until the exposure to femtosecond laser is
stopped. The illustration of the reaction is expressed in Fig.
7. Thus, free electrons are formed successively in the ava-
lanche and holes are created in the glass and trapped by NBO
near Ag1 ions. If multiphoton absorption processes were im-
portant, they should be clearly observable in the difference
of threshold intensity. However, the experimental threshold
intensities are independent of laser wavelength. Therefore,
high electric field~not high photon energy! is important for
causing the photochemical reaction by nonresonant femto-

second pulses and multiphoton absorption is not the main
mechanism. According to Bloembergen,17 electron collision
time is 10214– 10215s. Avalanche ionization occurs in a
time region less than those described above. Therefore, the
electron can be accelerated at least in that time. In this study,
we use laser pulses with a pulse width of subpicosecond.
Although the pulse width is short as compared with that used
by Bloembergen,17 it can be assumed that the electron is
sufficiently accelerated to cause avalanche ionization.

V. CONCLUSION

We have investigated the wavelength dependence of the
photoreduction of Ag1 ions caused by focused irradiation of
visible femtosecond pulses nonresonant with the glass ab-
sorption. It was clearly seen that experimental thresholdsPthr

were proportional to the square of the normalized wave-
lengthl•(n0•n2)21/2 as in the case of the critical power for
self-focusingPcrit vs the normalized wavelength behavior.
The fact that the values ofPthr are proportional to the square
of the normalized wavelength indicates that the photoreduc-
tion of Ag1 ions is correlated with self-focusing. Generation
of a high enough electric field to cause self-focusing in the
glass induces the photochemical reaction Ag11NBO
→Ag01NBO1. We propose avalanche ionization due to the
high electric field of the femtosecond pulses as a mechanism
because the threshold intensitiesI thr of the photochemical
reaction are independent of laser wavelength. From this
study, it is clear that the high electric field due to high peak
power of femtosecond pulses is important to cause the pho-
toreduction of Ag1 ions.
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