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through the multiphoton process
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Institute for Chemical Research, Kyoto University, Uji, Kyoto 611-0011, Japan
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Graduate School of Engineering, Kyoto University, Sakyo, Kyoto 606-8501, Japan

(Received 12 August 1999; accepted for publication 3 May 2000

We have investigated the wavelength dependence of the photoreduction®ofoAg 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 Ag-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 Physids$0021-89780)05615-3

I. INTRODUCTION ible wavelengths which are nonresonant with the glass ab-
. . . N sorption. From this viewpoint, it can be determined that the
Glasses are of great use in various industrial fields. As
compared with other materials, glasses have various advap.. of the femtosecond laser may become one of the newer
ta eg in their thermal stabilit (’:hgemical durabilit hardnesstOOIS to change the material’s internal structure. More re-

9 Y, . L Y, . tently, the internal modification of glass structure has been
transparency, etc. To date, the irradiation of light with a

shorter wavelenath such as ultraviolet liaht or X ra Onreported using focused irradiation of ultrashort pulse
9 g Y ONosersd 8 so far, we have reported on the photoreduction of

glasses, has been utilized to change their surface structurg ; ions to Ag atomBwith the focused irradiation of visible

- . A
through the photochemical reactions. For example, such mtosecond puls€s? Focused irradiation of femtosecond

irradiation results in the reaction of the entire exposed region lses causes the following reaction: Agnonbridging

. . u

of the glass surface. However, since glass materials absoR) . 0 L1 e
. . . . . + .

the light with a shorter wavelength, the light intensity de- oxygen in glassNBO)—Ag +NBO Namely, Ag ions

creases as the light penetrates deeper into materials. Thefp reduced to Ayatoms and hole trap centers at NBO near
> 1gnt p . eep I .Eg+ ions are formed by focused irradiation of femtosecond
fore, the reaction degree in the inside of glass materials i

. ulses at nonresonant wavelength. Moreover, we have shown
less than that at the surface. For the reason described aboB g

: . . YRat the photoreduction of Agions is closely correlated
a shorter wavelength light is gdequate to modify the glas"f’/vith filamentation of the femtosecond beam due to self
surface but not for the glass interior. However, there hav

) . . . ?ocusmg.“ However, the photochemical reaction induced by
been some studies using multiphoton processes. This multj- o

nonresonant femtosecond pulses has not been clarified yet. In
photon process caused by the femtosecond laser pulses h

Wis study, we investigate the wavelength dependence of the

ing a high intensity is very attractive, since the light at a hotoreduction of Ag ions and propose a mechanism of the
longer wavelength, for example visible light, can Concemratéahotoreduction

on the focal point inside the glasses without the absorption o?
the light. Namely, the feature of multiphoton reaction is a
point access to a specific position inside glasses. Thereforq, ExPERIMENT

the multiphoton process is very useful in modifying the glass _

interior. It is well known that the electric field of one pulse of A- Sample preparation

a focused femtosecond laser beam can be as high as The batch composition of the glass was the same as in
10°P-10° Vicm (light intensities of about 100 TW/ch  our previous studie¥;*! ie., 74SiQ—5A1,05,—4Zn0O—
Therefore, when a 100 fs pulse Wi 1 mJpulse energy is  17NgO—-8F in mol ratio including 47 ppm of $0;, 42
focused onto an area of 16cn?, it may be possible to ppm of SnQ, and 8 ppm of Ag. Reagent grades of $jO
cause photochemical reaction through the multiphoton proal,0;, ZnO, NgCO;, NaF, ShOs, SnQ,, and AgCl were
cess. These photochemical reactions may occur even at vigsed as the raw materials. A 400 g batch was melted at
1450°C fa 2 h with stirring in a Pt crucible in air in an
Author to whom correspondence should be addressed; electronic maifl€Ctric furnace. The liquid was poured onto a stainless steel
ykondo@agc.co.jP plate. Glass was annealed at 470 °C for 4 h. Samples were

0021-8979/2000/88(3)/1244/7/$17.00 1244 © 2000 American Institute of Physics
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polished to a thickness of 2 mm. The band gap of the examenough at the focal point to cause refractive index change
ined glass was estimated to be between 6 and 7 eV by usingjven by the following equation:
Kramers—Kronig analysis of a reflectance spectrum of simi-
lar composition glass (1N&-1Ca0O-5Si@) in Ref. 13. Ir-
radiation of light with a photon energy higher than the band-Hereny is linear refractive index and, is nonlinear refrac-
gap energy causes the photochemical reactiortive index. Self-focusing of the laser beam occurs due to an
Ag"+NBO—Ag’+NBO™. increase in refractive index caused by the high interisi@n
the other hand, formation of electron plasma due to the high
electric field causes a decrease in the real part of the refrac-
B. Focused irradiation of femtosecond laser beam tive index and self-defocusing of the beam occirs! The
balance between self-focusing, self-defocusing, and natural

Light sources for irradiation of the samples were three™’ ) . ; .
kinds of femtosecond lasers at visible wavelengths: a rege difiraction, makes a beam propagation without refraction and

eratively amplified 800 nm Ti—sapphire laser, which emitteddiﬁraCtion_as If it propagate§ in an.optical fi_be_rz.SThis phe-
1 mJ, 1255 fs, 1 kHz mode-locked pulses, second har-nomenon is called self-trapping or filamentatién?® There-

monic generatio{SHG) light of a regeneratively amplified fore,. filamentatiqn que to self—focusing_ is closely related to
Ti3*: Al,O; laser generated by BaB, (BBO) crystal nonllnear refr.actlve index of giimsg. Critical power of self-
which emitted 40uJ, 125-5 fs, 1 kHz mode-locked pulses focusing P is expressed By
at 400 nm, and an optical parametric amplifi&PA) which 3.77\?
emitted 10uJ, 1555 fs, 630 nm, 1 kHz mode-locked pulses Pcrit:m’ 2
by pumping with a regeneratively amplified 800 nm Ti— . )
sapphire laser. The wavelengths of the laser beam were set'fiere\ is the wavelength. The value 8 is dependent on
400, 630, and 800 nm. Details of the irradiation setup aravavelength, linear, and nonlinear refractive indices. Linear
described in Ref. 11. The laser beam was focused into th@nd nonlinear refractive indices of glass are dependent on
glasses through a focusing lens of 50 mm focal length. Ngvavelength because of their dispersion. Therefore, measure-
intrinsic absorption is observed in the visible region, i.e.,ments of linear and nonlinear refractive indices are very im-
400-800 nm with absorption coefficients10 2cm L. The portant to investigate the wavelength dependence on the
spot sizes at 400, 630, and 800 nm were 14, 26, andr83 threshpld power® qf the photoreducti(_)n of Ay ipns_and
respectively. to clarify the mechanism of photochemical reaction induced
We have confirmed that the photochemical reactiorPy nNonresonant femtosecond pulses.
Ag"+NBO—Ag’+NBO" was caused by focused irradia-
tion of visible femtosecond pulsé$.Because the photo- C. Measurement of linear refractive index
chemical reaction region was obscure after irradiatipn, devel-  1he linear refractive indices were measured with a vari-
opment (heat treatmentwas performed to make it clear ;6 angle spectroscopic ellipsometdr A. Woollam Co.
where the _ph_otochemcal reaction region was. Accordmg t‘?nc., V-VASE-DIRAR).
Stookey' 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 Nonlinear refractive indices were measured by an optical
540 °C for 30 min and held at 100 °Crf8 h and then heated Kerr shutter method. The configuration of the measurement
again at 580°C for 30 min to precipitate crystallites. Ais illustrated in Fig. 1. The light sources for the measurement
2000x microscope was used to determine whether crystalliwere the lasers described in Sec. Il B. The repetition rate was
zation occurred at a focal point. The crystallized region isl kHz. We separated the laser beam into two parts: one was
dependent on the heat treatment time in the normalhe gate beam and the other was the probe beam. The inten-
heterogeneous/homogeneous crystallization pro¢essle-  sity ratio of the gate and the probe beam was 30:1. We fo-
ation and crystal growdh On the other hand, in this case, the cused the laser beams with diameters of 2 mm onto the glass
crystallized region when heat treated at 580 °C for 30 mirsample by an achromatic lens with a focal length of 200 mm.
was the same as that for 10 h. This result shows that crystalFhe polarization angle of the gate beam was controlled by a
lization occurred using Ag colloids formed by a photochemi-half-wave plate. The glass sample was positioned between
cal reaction induced by focused irradiation of femtosecondhe polarizer and the analyzer in a cross-Nicol configuration
pulses. In addition, we confirmed that Ag-free glass showedet on the probe beam path. Detectors 1 and 2 were Si pho-
no crystallization in the exposed region after heat treatmentodiodes with response times of 7 and A8, respectively.
following irradiation of femtosecond pulsésit can be said Detector 2 was used as a reference. We measured the aver-
that the crystallized region coincides with the region whereaged probe signal transmitted through the analyzer delaying
the photoreduction of Ag ions to Ag atoms takes place. the gate beam against the probe beam by a computer-
Therefore, in order to determine the extent of the photoreeontrolled stage. An aperture prevented the gate beam from
duction of Ag" ions, we measured the extent of crystalliza- entering detector 1. We measured the transmissivjtfor a
tion by a 400< microscope. cross-Nicol configuration andl, for an open-Nicol configu-
When a laser beam with an ultrashort pulse such as fenration. The extinction ratio of the linear polarization mainte-
tosecond pulse is focused, light intensitypecomes high nance was over 30 dB.

n=ng+n,l. (@D

D. Measurement of nonlinear refractive index
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i BoxCar | __ -

bo—— o Do b Averager T
E Mode Locked | |Diode-pumped cw @ . v £ E FIG. 1. The experimental setup_for_ the
! [] Ti-SLaser [ |Nd:YVO, Laser Polarizer ! e . Kerr shutter system. The principal
: ' H light source for the gate beam is the
: : DR g i regeneratively amplified Ti—sapphire
' Regenerative 800 nm *\ Probe o laser. The SHG generator and an OPA
----- Amplifier SHG input ! ': are also used to generate the gate
400 nm A \ ' beam. The wavelengths of femtosec-
L - - Sample perwre £100 ' ' ond laser beam were set at 400, 630,
Nd:YLF Optical Parametric 30 oo and 800 nm. The repetition rate was 1
Laser Amplifier nm :©>H<©: ‘ ‘ ' kHz. We separated the laser beam into
I ' , two parts: one is the gate beam and the
’ 1200 £200 1 4 nalyzer , other the probe beam. The intensity ra-
Pulse width: 120-160 fs s : tio of the gate and the probe beam was
Repetition rate: 1 kHz l_l O el 30:1.
|_|Gate inputt 00— _
A2 plate Variable Delay

The refractive index change for the optical Kerr shutterwhere the suffixs indicates the standard, which was synthe-
configuration is given by the following equation: sized SiQ glass fabricated by the vapor axial deposition
. | 3) method(supplied by Asahi Glass Co. Ltd., JapanheAn in

07 T2B(KemTg> a Kerr shutter can be expressed by the following equation
wherel, is the gate intensity ant,gker is the Kerr non-  using the components, parallebi) and perpendicular
linear refractive indexKerr coefficien}, which corresponds (An,) to the polarization of the gate beam
to the third-order nonlinear coefficient. The change in the An=An.—An ®)
refractive index here induces a shift in the phasef the ! L
probe beam. If the phase shifip is small enough, using the If the electronic polarization effect is dominanf\n,
angle g5 between the linearly polarized gate and probe=1/3An, .?" Therefore, Eq(8) becomes as follows:
gﬁle;?sbggdhﬁ, the transmissivityT; for the probe beam is An=nyglg= 2An,. 9)

When the wavelength of the gate beam is the same as that of

Ag Ag\? the probe beamAn,=n,l,. From Eq.(9), the nonli
T.=TnsirA(2 ~n2<—):-|- (2 (_) (4 e prg e_ eam .n” .nz g- From Eq.(9), the nonlinear
1= TosSIM(26g)siMT| — 0SIM(208)| @ refractive indexn, is given by
Using the change in the wave number of the probe ba&m N2 = 3Nog(Ker) - (10
gnd the effective length of the sampilgy, the A is given Substituting Eq.(10) into Eqg. (7), the nonlinear refractive
y index of the glass sample was evaluated as follows:
2mn I 12
A= Akplo =2 L. (5) o Lets( (Ta/To) 11
P 2 2s Leff (Tl/TO)s

Here, Leg=[1—exp(-al)l/a, a is the absorption coefficient e aue ofn, . of the synthesized SiOglass as the stan-
and\,, is the wavelength of the probe beam. The transmisy,.q sample is 2.4810 °m%W at 800 nm and 3.25

sivity T; shows a maximum afz= /4 as expected by Eq. 10~ m?/W at 400 nn?® We used then, value of 2.88

(4). Using the gate powePy=1,/7a’ (a beam radius at the 10~ 2°m2W at 630 nm from Ref. 29. Although in Ref. 29,
focal poin instead of the gate intensity, and substituting e yaue was measured at 694 nm, we assumed little disper-
Eq. (5) into Eq. (4), Eq. (4) is given by sion from 630 to 694 nm. All glass samples were 1 mm in

T1 [ 2N2g(kemLet 2 2 thickness.
To a\, Py, (6) To confirm that the electron polarization was the domi-

nant mechanism for the nonlinear optical effect, we mea-
when A¢ is sufficiently small. When the transmissivily;  sured the decay of the probe transmittance at the cross-Nicol
for the cross-Nicol configuration occurs due to the opticalconfiguration by varying the time delay between gate and
Kerr effect, T, /T, is proportional to the square &f;. From  probe pulse. An autocorrelation trace of the gate pulse was
Eq. (6), the unknown Kerr coefficiem,gker can be evalu-  also measured by using BBO crystal as the SHG crystal to
ated by comparing th&, value with the standard medium estimate the pulse width of the gate beam.
(in this case, SiQ glasg under the same gate power. The
Nog(kem Value is represented by modifying the equation in-1ll. RESULTS
troduced by Kanbaf8 as follows:

_ Leff,s (TllTo) 12
nzB(Kerr)_ﬂzB,s(Kerr)L_eff m ,

A. Photochemical reaction

) We investigated the dependence of the femtosecond la-
ser power on the extent of the photochemical reaction region.
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Ag*-doped glass 0.7
50 mm
a laser 0.6F
—— =]
beam_> o é 0.5F ®
\ 8
800 nm g 0.4F
photoreaction length \ ‘Q g 03F
wv)
observer § 0.2F
=
E 1 0.1F
= 08 } 0
5 /8 0 /8 /4  3n/8
56} Angle 0,
E=1
=]
5 04 FIG. 3. Dependence of the probe transmittafaan the beam polarization
§ angledg . The laser wavelength was 800 nm. The solid line representing the
.g 02 calculated adequately coincides with the dots showing the observed results.
=
o 0 I

0 5 10 15 20 25 30 values ofPy, increase with increasing wavelength. This be-

Incident power / MW havior is almost the same as that of the critical poRgy of

_ _ ~ self-focusing va\.>>?*The Py, values at 630 and 400 nm are
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 foca@ppmx'ma‘tely 1/2 and 1/,8 as clo.mpared with that at 800 nm,
length. An illustration shows the irradiation configuration. Here, the pho-respectively. Threshold intensitidg,, are almost constant

toreduction region means the length of crystallites precipitated parallel tdabout 0.4 TW/crf) within the experimental error and inde-
the direction of laser beam, which indicates the region where the reaction Oﬁ)endent of Wavelength.
AgT+NBO—Ag’+NBO™ occurs.

B. Measurement of nonlinear refractive index
Eigure 2 sh_ow.s the photochemical reaction length as a func- From Eq.(4), the probe transmittanc&(=T,/To) for
tion of the mcydent power In a sample aftgr 5000 pulses a%he optical Kerr shutter is proportional to the square of
800 nm. An illustration shows the experimental scheme. . i
Here, the photochemical reaction length means the length cicfm(zas) as follows:
the crystallites precipitated parallel to the direction of the — Tecsir?(26g). (12
laser beam, which indicates the reaction region of

Ag* +NBO—AGP+NBO* .1 When the peak power defined Figure 3 shows the dependence of the probe transmit-

tanceT on the angledg between the linearly polarized gate

as the pulse energy divided by the pulse width is more tha% .
S . . nd probe beams. The wavelength was 800 nm. The solid
4 MW (about 0.4 TW/crfiin intensity, the photochemical line represents the calculated curve. The obseivadlue

reaction occurs and the reaction length increases with thghowsaminimum afl.—=0 and a maximum afla= /4. The
B™ B™ .

Increase of quent POWET. On_ the other hand, _the photoy values change as expected according to the relationship
chemical reaction cannot occur if the peak power is less thaBetvveen the transmittancg and the anglefy between the
B

4 MW. We found that the reaction had a threshold in thelinearly polarized gate and probe beams as given in(E2).

At other wavelengths, e.g., 400 or 630 nm also, the probe

i T )
pftAg it ons at tfr;_e _foctlal Ipomt |\r;vthebglass ;vtt'\r?re ;(he “gfrt]ttransmittance for the optical Kerr shutter showed the same
intensity was sufficiently large. We observed the glass afte ependence on the anghg as that of 800 nm.

%ad|_at|(.) dn Otf 5000 pulses ?”g stubsgquebnt EeDa?l;[reatrU\?nt. Figure 4 shows the probe transmittance as a function of
€ Incident power was varied stepwise by Mers. Weine gate power at 800 nm. The result of Siglass is also

:jeﬂ:edththe Extperrl]mentall thresthold tpouhl _E}Hrr] ?rr:d mtertl.snyb shown in the figure as a reference. Below the gate power of
thr 0T INE photocheémical reaction at which the reaction be-, GW, the measured values Dincrease in proportion to the
gan to occur. The threshold intensity, is an intensity cal-

. . P f Ed@6). When th f
culated on the assumption that the self-focusing does ncéjuare 0fPq as expected from Eq6) en the power of

. o ate beam is the same, the oped glass shows about
occur and the beam size at the focal point is constant. Tab Agoped g

o times larger transmittance than that of Si@ass.
| shows the values 0Py, and . It can be seen that the To confirm that the electron polarization is the dominant

mechanism for the nonlinear optical effect, we measured the
TABLE 1. Threshold powers and intensities of the photoreduction of Ag decay of the probe transmittance at the cross-Nicol configu-
ions at each wavelength of femtosecond pulses within errors of measurggtion by varying the time delay between the gate and probe

ment. pulses. An autocorrelation trace of the gate pulse was also
Wavelength(nm) P (MW) I (TW/C?) measured by using BBO crystal as the SHG crystal. Figure 5
shows both the decay curve and the autocorrelation trace.
400 0.540.11 0.35°0.07 The laser wavelength was 800 nm. It is clear that the Kerr

630 2.2:0.40 0.41-0.05 ) . )
800 4.2-0.75 0.49-0.09 shutter signal of the examined glass sample is detected only

when the probe beam overlapped the gate beam. Hence, the
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2.0 TABLE Il. 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.

2

)

?3 Wavelength(nm) ny(cP/W) No
§ 400 8.1x 10716 1.52
g 630 4.7x 10716 151
§ 800 3.5x 10716 1.50
[

observedT value sufficiently coincides with the calculated
Gate power / MW one, which confirms that the nonlinear origin is the optical
FIG. 4. Probe transmittancemeasured at 800 nm as a function of the gate Ketr)r ?ﬁe.Ct' V\I{]e Calczlatedz Val.ues of A(‘::: -?}Oped gl(;issdbé.o
powerP for: (a) Ag*-doped glass antb) SiO, glass as a reference. Thie substituting the probe transmlttan_ce of the standard, Si
values of both glasses are proportional to the squai,of glass and that of Ag-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-
response time of the Kerr signal of the sample is estimated tonnse time was below 150 fs from Fig. 5. Therefore, it can

be below 150 fs, indicating that the Kerr signal of the samplg,g g5ig than, values are estimated with high accuracy.
originates from mainly pure electron polarization. Therefore,  \ye have shown that the photoreduction of Aipns is

we can calculate, values of Ag'-doped glass by substitut- cqorrelated with filamentatioht Filamentation due to self-
ng the probe transmittance of standard Si@lass and  focysing is closely related to linear and nonlinear refractive
Ag"-doped glass in Eq11). Table Il showsn, values. Val-  jgices of glass. Critical power of self-focusir®g; ex-

ues ofny measured by the_ eIIipsomef[er are alsc_) shown IMressed by Eq(2) is proportional to the square of the nor-
Table II. Values on, andn, increase with decreasing wave- majized wavelength obtained by linear and nonlinear refrac-
length. This is due to the wavelength dispersion of the;,e indicesh - (ng-n,) ~Y2.2324|n Fig. 6, it is clearly seen
sample. _ that the experimental threshold power of the photoreduction
Figure 6 shows the experimental threshollg, on @ ot Ag* jons Py, is proportional to the square of the normal-
log—log plot as a function of_ normalized wavelength, ,coq wavelength - (no-n,) ~*2 This indicates that the pho-
+(no-nz) % calculated by using values afy andn, s ygreduction of Ad ions is correlated with self-focusing.
ShOVYq/ n Table Il. The relationshipPy=A-(A-(No  Generation of electric field high enough to cause self-
‘ny) 1€, was used to fit the data, with correlation coeffi- tocsing in the glass induces the photochemical reaction

cient C=2. Here,A is constant. It is clearly seen that the aq+1 NBO.Ag°+NBO™. Next, we will consider the pos-
experimental threshold3y, are proportional to the square of sibility of some underlying mechanism of this reaction.
the normalized wavelength as in the case of the critical

X The Ag'-doped glass sample has no absorption at
power for self-focusingP i -

the irradiated wavelengths, so the photoreduction of Ag

ions should be a multiphoton reduction process. In the

case of a one-photon reaction, the photochemical reaction
As shown in Fig. 3, the observell value changed ac- Ag*+NBO—Ag’+NBO" occurs when irradiated with

cording to the relationship given in E(L2), which indicates

that the Kerr shutter operation using the "Adoped glass is

driven by the optical Kerr effect. If the thermal effect was the Wavelength / nm

cause of the Kerr shutter operation, the probe transmitt@ince 200 630 800

would not exhibit such a dependence on thevalue. The

IV. DISCUSSION

20

5r Slope =2

[ Autocorrelation trace

+ Kerr signal
%
0 2 L A A
1000 1500 2000 3000 4000

-172
-1.0 0.5 0.0 0.5 1.0 A+ (ny np) wl?
Delay time / ps

Threshold Power / MW
[\

b R LTI
A

we

Intensity / arb. units

FIG. 6. Experimental thresholdB, plotted as a function of normalized
FIG. 5. Decay curve of the Kerr signal and the autocorrelation trace of thevavelength\ - (ny- n,) "2 calculated by using values af, andn, shown
gate pulse at 800 nm. The autocorrelation trace was measured by using BB@ Table Il. The data are fitted to the functidty,=A-(\ - (ny- n,) 3¢
crystal as SHG crystal. with correlation coefficien€=2.
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. second pulses and multiphoton absorption is not the main
mechanism. According to BloembergEnelectron collision

~_ / @/ ‘/ time is 10 '*~10 **s. Avalanche ionization occurs in a
Si~<o — Agt @ time region less than those described above. Therefore, the
/ < /0\ electron can be accelergted at least in that time. In this study,
\ ~gi " we use laser pulses with a pulse width of subpicosecond.
g Although the pulse width is short as compared with that used

e \ by Bloemberger! it can be assumed that the electron is

free electron accelerated sufficiently accelerated to cause avalanche ionization.

by high electric field

FIG. 7. Mechanism of the photochemical reaction of *AgNBO V. CONCLUSION

—Ag°+NBO" in Ag™-doped glass after focused irradiation of femtosecond . .
pulses. In the first stage, the electron is excited by transitions from the We have mvestlgated the WaVEIength dependence of the

valence band to the conduction band by multiphoton absorption. This fre@hotoreduction of Ag ions caused by focused irradiation of
electron acts as an initiation for the photochemical reaction. After this freeyisible femtosecond pulses nonresonant with the glass ab-

electron accelerated by high electric field interacts with NBO nedr idgs, sorption. It was clearly seen that experimental threshB[Qs
another free electron is formed and a hole is trapped at NBO. The new )

electron also accelerated by high electric field forms another free electro/€€ proDort'on§|1/£O th_e square of the nqumal'zed wave-
successively in the avalanche. Some of the free electrons combine with Aglengthk -(Ng-ny) as in the case of the critical power for
ions and Ag atoms are formed. This ionization process may continue untiself-focusingP.,;; vs the normalized wavelength behavior.
the exposure to femtosecond laser is stopped. The fact that the values ¥, are proportional to the square
of the normalized wavelength indicates that the photoreduc-

ion of Ag™ ions is correlated with self-focusing. Generation

. t
h|ghe; t[:]hoton e_nergy Ithan_ the tk.)an(tj gatp gf %la;i' Thg bagéga high enough electric field to cause self-focusing in the
gap ot the examined glass IS estimated 1o be beWeen 6 antyf,os nguces  the photochemical reaction *AGNBO

eV. If multiphoton absorption is the main mechanism, as theg—>Ag°+NBO+. We propose avalanche ionization due to the

irradiation wavelength approaches the energy correspondir\%gh electric field of the femtosecond pulses as a mechanism

to the band gap, the photochemical reaction due to multipho- : - .
ton absorption should be easier and the threshold intens?ts)/ecause the threshold intensitigg; of the photochemical
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