Appl. Phys. A 69, 465-466 (1999) / Digital Object Identifier (DOI) 10.1007/s003399900134

Applied Physics A
Materials

Science & Processing
O Springer-Verlag 1999

Rapid communication

Incubation of laser ablation in fused silica with 5-fs pulses

M. Lenzner!*, J. Kriiger?, W. Kautek?, F. Krausz!

1Quantenelektronik und Lasertechnik, Technische Universitat Wien, Gusshausstr. 27-29, A-1040 Wien, Austria
2Laboratorium fiir Diinnschichttechnologien, Bundesanstalt fiir Materialforschung und -priifung, Unter den Eichen 87, D-12205 Berlin, Germany

Received: 14 June 1998ccepted: 24 June 199Bublished online: 8 September 1999

Abstract. The threshold fluences for laser-induced damage ofepetition rate= 1 kHz, maximum output energy Jfax =
fused silica with singlés-fs pulses from ari:sapphire laser 500uJ, and beam quality parametéﬂiy < 1.1. For the
system were determined by extrapolating the ablated vokingle-shot experiments described in this paper, the sam-
ume to zero. These thresholds are about 4 times as high pke (Corning 7940, 0.2 mm thick) was placed in a vacuum
the values previously obtained from multi-shot experimentschamber (pressure: 6 x 10~*mbar) and irradiated through
This result is interpreted in terms of an irreversible modifica-a 0.5-mm-thick glass window with a long-focal-length silver
tion of the original material below the single-shot thresholdmirror (ROC= 1000 mm). The transmitted beam was steered

(incubation). out of the vacuum chamber and used for in-situ inspection
of the irradiated spot. The sample positioned by a remotely
PACS: 61.80.Ba controlled translation stage was exposed to a series of single

pulses with varying above-threshold energies.
) ~_ The post-experimental evaluation of the ablation results
For several decades, laser-induced breakdown resulting {us been undertaken by using both a light microscope and,
damage to dielectrics has been the subject of extensive expegiecause of the low depth of the generated craters {m),
mental and theoretical investigations [1-3]. Since femtosecan atomic force microscope (AFM, Digital Instruments, Di-
ond lasers became available as a standard tool in laboratofyension 3000 SPM) operated in tapping mode. A typical
research, one of the major directions of this research is ﬂ\@icture of an ablation crater is shown in Fig. 1. This hole
machining of transparent substrates. Fused silica, being oNgas produced at a laser fluencefoi= 9.5 J/cm?, which will
of the most widely used optical materials, has been studiege shown below to be about twice the damage threshold flu-
extensively with nanosecond, picosecond [4], and femtosegnce of this material for single pulses. Thés crater shows
ond [5-7] laser pulses. _ _ a very smooth surface compared to cavities generated with
One of the main disputes over the experiments with longesingle pulses of several hundred femtosecond and picosecond
pulses & ps), whether avalanche or multiphoton ionizationgyration.
iS I’esponsible for the genel’ation Of fl’ee Carriel’s in trans- The ab'ated V0|umes for a range of |aser ﬂuences above
parent dielectrics, was recently extended to the femtosecoRfe damage threshold are represented by the dots shown in
range of laser pulse durations. In the course of this discussiqtig. 2. Calculating a linear regression (solid line in Fig. 2)
various experiments are compared with each other, often regmd extrapolating this line to an ablated volume of zero yields
gardless of whether they have been achieved by single or Rythreshold fluence dfy, = 4.9 J/cn? for fused silica irradi-
multiple pulses on the same sample spot. However, it was digted with 780 nm pulses of 5 fs duration.
covered earlier that a so-call®tton-one effect exists, which
means that successive irradiation of the same sample spot al-
ters the damage threshold of the material [8, 9]. In this paper,
we compare the results of single-shot and multi-shot exper’ 200 " |
ments performed with the same laser on the same SaMfgepth : =
in order to get insight into this phenomena in the dikfs
regime.
TheTi:sapphire laser system used in the experiments d¢

livers femtosecond pulses with the following parameters [10] ‘\_ /
50 pm

pulse durationr =5 fs, center wavelengticenter= 780 nm 100 um

_— Fig. 1. AFM picture of a laser-generated hole in fused silica, obtained with
* Corresponding author. (E-mail: lenzner@iaee.tuwien.ac.at) a single pulse of.center= 780 nm 7 =5fs, F = 9.5 J/cn?
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— 1500 . . . . terial. This alteration might be, for instance, the formation
E ) of color centers as summarized in [11]. All the possibilities
= ® 5fs, single shot o of material modification addressed by Bauerle [11] result in
"o © 5fs,50 shots : the generation of electronic states within the forbidden gap,
> 1000 - which enhance light absorption of the sample compared to
3,5 the intrinsic material exhibiting only multiphoton absorption.
5 This increased absorption eventually leads to

E‘ 500 | 1. alower damage threshold in the case of multi-pulse irradi-
8 I ation of the same spot and

“E’ 2. alower penetration depth of the laser radiation resulting in
3 0 I a smaller ablation depth and ablation volume.

§ 2 l , , , These simple qualitative considerations are in accordance

with our experimental observations. This suggests that incu-
0 2 4 6 8 10 : . Y :
2 bation effects take place in fused silica even at pulse durations

Fluence, F [ J/cm® ] as short as 5 fs. This finding is also supported by the observa-
Fig. 2. Ablated volume per puls¥, versus laser fluencE for craters gen-  tion that single-pulse irradiation of fused silica with a fluence
erated by a single laser pulse and by 50 laser pulses on the same sampletween these two thresholds leads to coloring of the sample.
spot. Thestraight linesare obtained from linear regression. The intersection  \We have compared the damage threshold fluences for
of the regression line with the horizontal axi¥; = 0) yields the thresh- : _ i -
old fluenceFy, for optical damage. In the case of 50 pulses per spot onIySIngle S_hOt and multi-shot experiments WBHS_ pUIseS on
data obtained aF < 6 J/cn? were considered for regression to avoid the uSed silica and found them to be about four times enhanced
influence of plasma formation in air. Thitted lineis the tenfold enhanced ~ for the single-shot case. Furthermore, we noticed a signifi-
regression line for the multi-shot measurements to allow comparison Witfcanﬂy decreased ablation rate for pre-irradiated fused silica.
the single-shot data These observations lead us to the conclusion that incubation
effects alter the optical properties of the material.

We compared results from earlier experiments with simi-
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