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ABSTRACT

The processes arising in glasses as an example of solid dielectrics under high-power
femtosecond laser radiation have been investigated. In the investigation samples of fused silica
were used as well as a wide selection commercial borosilicate glasses K8 (Russia) and BK7 (USA)
which have the band gap near 6 eV. The glass samples were irradiated with the output of a laser
system allowing the production of laser pulses at 0.85 um wavelength and duration ~ 1013 s, It is
found that color centers formation and intrinsic luminescence of borosilicate glasses are observed
under high-power femtosecond radiation at 0.85 um. These processes result from supercontinuum
generation in the bulk glass and are followed by two-photon absorption of the short-wavelengin
part of this supercontinuum. These same processes lead to the damage of glasses under conditions
of intensive ionization of material matrix, and show that the damage process is not connected with
avalanche ionization.
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1. INTRODUCTION

It is well known that the refractive index variations of condensed media arising under high-
power laser radiation with pico- and femtosecond duration result in changes of the amplitude,
phase and frequency of these laser pulses. These effects induce substantial spectral broadening of
the transmitted radiation beams, both in the long-wavelength and in the short-wavelength regions
("white" light generation) due to self-phase modulation, induced-phase modulation, or cross-phase
modulation (e.g., [1], [2] and references therein). The first works devoted to the observation of
"white" light generation in crystals and glasses were performed in 1970 [3,4]. It was found that from
five to ten small-scale filaments occurred under picosecond pulse excitation at 0.53 um. The
irradiance in these filaments could achieve 10!* W/cm?. In this case intensive radiation in wide
spectral diapason from 0.4 to 0.7 um was observed. In subsequent works the analogous effects
were obtained at other wavelength [5,6], induced spectral broadening of weak picosecond pulse in
glass was demonstrated [7], the reasons of temporal form change was explained [8], and the main
mechanisms of this process was understood [1,2].

The phenomenon of generation of "white" laser pulses has found wide application in
different areas: for the production of the ultrashort pulses [9], for time-resolved absorption
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spectroscopy {10, in fiber diagnostics [1!], and in other applicaticns (e.g., [12]). However, use of
this phenomenon has a limitation because the converted radiation has a high intensity in wide
spectral region. It can lead to nonlinear absorption, and color centers formation. The last process
will result in the change of absorption coefficient [13-15] and the refractive index [16] of medium,
that is the formation of optical inhomogeneities. In this connection the present work goal is to
study the processes arising in glasses as an example of solid dielectrics under high-power
femtosecond laser radiation.

2. EXPERIMENTAL

In the investigation samples of fused silica were used as well as a wide selection commercial
borosilicate glasses K8 (Russia) and BK7 (USA) which have the band gap near 6 eV. The
mechanisms of nonlinear absorption in such glasses were studied earlier [13,14]. It was found that
two-photon glass matrix ionization occurs under laser radiation exposure of glasses with E¢/2 < hv
< E; leading to color centers formation and to fundamental luminescence. It should be emphasized
that in this case the effect of color centers formation was clearly registered at an intensity I = 103,
(where I, is optical breakdown threshold of glass), while fundamental luminescence was registered
at an intensity I = 10*L, [17]. At radiation exposures of glasses with hv < Eg/2 these effects were
not found even at I = 0.98:1,, that is it is impossible to register three- and more quantum processes.

The glass samples were irradiated with the output of a laser system allowing the production
of laser pulses at 0.85 um wavelength and duration ~ 10-3 s. A Kerr lens modelocked Ti:sapphire
iaser was used as the femtosecond pulse source. The output pulses of this laser were expanded in an
anti-parallel grating-pair pulse stretcher and injected into a regenerative amplifier. Pulse slicers
used before and after the regenerative amplifier selected a single pulse out of the pulse train. This
single pulse was recompressed in a grating-pair pulse compressor. The output beam had the
diameter ~ 25 mm and the energy to 1 mJ.

To measure the laser-induced damage thresholds the radiation was focused to spot sizes 2-3
microns by an objective lens with a focal length of 50 mm. The calculated distribution of irradiance
in the focal plane at the depth of 1.1 mm inside of sample is shown in Fig. 1. To study the
interaction processes the radiation was focused to a spot size of 230 microns on the front surface of
the sample by a lens with a focal length 500 mm.
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Fig.1. Calculated distribution of irradiance in focal plane of lens (F:D = 1:1) at 0.85 pm.
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Fig.2. Spectra of additional absorption of K8 glass irradiated by laser radiation (1)
and y-radiation (2).

3. RESULTS AND DISCUSSION

It was established that white light generation is brought about by laser radiation with
irradiances of > 10* W/cm?. This light was propagated collinear to the main radiation. Besides, a
bright luminosity which is characteristic for the intrinsic luminescence of alkali silicate glasses, and
the darkening along track of passing beam arose. These effects are observed only in K8 and BK7
glasses and were absent in fused silica. The measurement of additional absorption spectra of glass
darkening (Fig. 2, curve 1) showed that they are in agreement with spectra of color centers
absorption in these glasses (Fig. 2, curve 2). The process of color centers formation can be
connected either with four-photon absorption of radiation at 0.85 um or with linear or two-photon
absorption of the supercontinuum. However, as has already been noted, three- and more quantum
processes are not observed in the glasses investigated. Closer examination of this effect showed that
coloration and intrinsic luminescence of the samples occurs only from a depth of 0.5 - 0.7 mm
beneath the entrance surface (Fig. 3). It means that matrix ionization and coloration of the glasses
are not connected with multi-photon absorption of laser radiation at 0.85 um. It is likely that this
process results from intensive light generation in a wide spectral region, followed by linear or two-
photon excitation of the glass matrix under this radiation. The reason for coloration of these
glasses at some depth beneath the front surface is due to the linear dependence of the spectral
broadening on the medium length. Taking into account that two-photon absorption of the glasses
investigated begins at intensities I ~ 106 W/cm? [13-15], and that there is no well-defined intense
spike at the laser frequency in the supercontinuum [1], it may be concluded that the excitation of
the glass matrix resulted from two-photon absorption of the short-wavelength part of the white
laser pulses.

The measurements of optical breakdown thresholds show that visible damage of K8 and
BK7 glasses bulk arises at an irradiance of 7-1013> W/cm?, and in fused silica at an irradiance of

2.5-10'* W/cm?. It should be noted that luminosity is observed in the interaction volume before the
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Fig.3. The dependence of additional absorption coefficient vs depth under entrance
surface of K8 glass.

appearance of visible damage. The threshold of the appearance of this luminosity is less then the
damage threshold by nearly S times. It indicates that damage occurs under conditions of intensive
ionization of the glass matrix. However, in spite of the high beforethreshold concentration of
electrons in interaction bulk, the damage occurs only at irradiance 7-10'* W/cm?. This fact indicates
that laser-induced damage should not be connected with avalanche ionization.

4. CONCLUSION

Thus color centers formation and intrinsic luminescence of borosilicate glasses are observed

under high-power femtosecond radiation at 0.85 um. These processes result from supercontinuum
generation in the bulk glass and are followed by two-photon absorption of the short-wavelength
part of this supercontinuum. These same processes lead to the damage of glasses under conditions
of intensive ionization of material matrix, and show that the damage process is not connected with
avalanche ionization.

5. REFERENCES

1. P.L.Baldeck, P.P.Ho, and R.R.Alfano, “Effects of self, induced and cross phase
modulations on the generation of picosecond and femtosecond white light supercontinua”, Revue
Phys. Appl., 22, 1677-1694 (1987).

2. R.R.Alfano and P.P.Ho, “Self-, cross-, and induced-phase modulations of ultrashort laser
pulse propagation”, IEEE J. Quantum Electron., QE-24, 351-364 (1988).

3. R.R.Alfano and S.L.Shapiro, “Emission in region 4000 to 7000 A via four-photon
coupling in glass”, Phys. Rev. Lett., 24, 584-587 (1970).

248/ SPIE Vol. 2796



¥ 1

4. R.R.Alfanc ancd S.L.Shapiro, “Observation: of self-phase modulation and small-scale
filaments in crystals and glasses”, Phys. Rev. Lett., 24, 592-594 (1970).

5. W.Yu, R.R.Alfano, C.L.Sam, and R.J.Seymour, “Spectral broadening of picosecond 1.06
u pulse in KBr”, Opt. Commun., 14, 344-347 (1975).

6. P.Corkum, P.Ho, R.Alfano, and J.Manassah, “Generation of infrared supercontinuum
covering 3-14 um in dielectrics and semiconductors”, Opt. Lett., 11, 624-626 (1986).

7. R.R.Alfano, Q.X.Li, T.Jimbo, J.T.Manassah, and P.P.Ho, “Induced spectral broadening
of weak picosecond pulse in glass produced by an intense picosecond pulse”, Opt. Lert., 11, 626-
628 (1986).

8. J.T.Manassah, M.A.Mustafa, R.R.Alfano, and P.P.Ho, “Induced supercontinuum and
steepening of an ultrafast laser pulse”, Phys. Lett., 113 A, 242-247 (1985).

9. W.Knox, R.Fork, M.Downer, R.Stolen, and C.Shank, “Optical pulse compression to 8-fs
at 5-kHz repetition rate”, Appl. Phys. Lett., 46, 1120-1121 (1985).

10.C.V.Shank, “Measurement of ultrafast phenomena in the femtosecond time domain”,
Science, 219, 1027-1031 (1983).

11.R.Stolen and C.Lin, “Self-phase modulation in silica optical fibers”, Phys. Rev. A4, 17,
1448-1453 (1978). .

12.J.Manassah, P.Ho, A.Katz, and R.Alfano, “Ultrafast supercontinuum laser sourse”,
Photon. Spectra, 53-59 (Nov.1984).

13.A.P.Gagarin, L.B.Glebov, O.M.Efimov, and O.S.Efimova, “Formation of color centers in
sodium calcium silicate glasses with the linear absorption of powerful UV radiation”, Sov. J. Glass
Phys. & Chem. (USA), 5, 337-340 (May-June 1979).

14.L.B.Glebov, O.M.Efimov, G.T.Petrovskii, and P.N.Rogovtsev, “Effect of decoloration on
the two-photon coloring of sodium silicate glasses”, Sov. J. Glass Phys. & Chem. (USA), 10, 55-58
(Jan-Feb 1984).

15.0.M.Efimov, Yu.A.Matveev, and A.M.Mekryukov, “Multiphoton coloration of lead
silicate glasses by high-power laser radiation”, Quantum Electronics, 24, 311-314 (1994).

16.0.M.Efimov and A.M.Mekryukov, “Laser induced changes of refractive index of lead-
silicate glasses”, Laser-Indused Damage in Optical Materials: 1994, Proc.SPIE, 2428 (1995).

17.L.B.Glebov, O.M.Efimov, and G.T.Petrovskii, “Absence of Below-Threshold Ionization
and the Cumulation Effect Under Conditions of Repeated Exposure of Glasses to Laser
Radiation”, Sov. J. Quantum Electron. (USA), 16, 1245-1247 (Sept 1986).

SPIE Vol. 2796 / 249



