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Abstract. We present investigations of the surface dam<{rom different groups. (1) What is the definition of damage?
age threshold for transparent materials, @@iO,, CaF, It seems obvious that (surface) damage can be characterized
and LiF, after single- and multiple-laser-pulse irradiationas a sudden observation of some sort of irreversible modi-
at 800 nmin the picosecond and sub-picosecond duratioffication. However, the means of observation, e.g. optical or
range. Our study shows clearly that the surface damagaectron microscopy, differ strongly in sensitivity for different
threshold drops dramatically during multiple-laser-shot ir-types of modification. In addition, the damage threshold can
radiation, due to material-dependent incubation effects. Thidepend on the experimental standards set during the investi-
has important consequences for applications such as lasgations and may rely strongly on the subjective impression
machining and for the lifetime of optical components. Dif- of the individual studying the target. (2) How many laser
ferent processes that can reduce the surface damage threshets were used to determine a (more or less) rigorously
old with increasing laser shots are evaluated, such as sudefined damage threshold? In addition, the type of modifica-
surface damage and defect formation. The mechanism @bn generated at a laser fluence near damage threshold can
laser-induced defect formation, e.g. color centers, is believediffer significantly depending on the number of laser shots.
to be mainly responsible for the observed reduction in th€3) How strong is the pulse pedestal or a possible pre-pulse
threshold for surface damage with increasing laser-shot nunfrom the amplifier system compared to the ultra-short laser

bers. pulse? Pre-excitation of the surface or plasma-laser interac-
tion may have a strong effect on the damage threshold under
PACS: 79.20.Ds investigation.

A deeper understanding of the effects of incubation at
laser fluences below the single-shot fluence is, however, very
Surface damage threshold under laser irradiation has begfportant for applications, i.e. for estimating the lifetime of
the subject of numerous studies over many years. Theptical components and for laser processing. Obviously, for
pulse-duration dependence of laser-induced damage on @host applications the laser structuring of micro-pockets and
electrics for infrared laser pulses in the nanosecond to thgrooves will make multiple-shot processing on the same area
sub-picosecond range have been outlined in several recestt the surface necessary. Our interest is in applying laser
publications [1-5]. For wide-band-gap materials at a laserpulses of picosecond and sub-picosecond pulse duration for
pulse durationzp above approx.10ps the generally ac- machining and to investigate material and pulse-duration de-
cepted picture of damage involves conventional heat corpendencies in the surface-damage threshold for a different
duction by thermal diffusion, leading to an apprc»é/2 number of laser shotd. Based on a comparative study on the
dependence of the threshold. For a shorter pulse duratigulse-duration-dependent threshold of multiple-shot surface
the threshold is expected to follow a different dependencglamage we can estimate the minimum fluence level necessary
owing to the material-specific time interval necessary tao activate prevailing incubation effects in different transpar-
complete the energy transfer from the electronic systerent dielectrics.
into the lattice. For dielectrics there is a continued de-
crease in the threshold for laser pulses approaching the
100fs and 10-fs pulse-duration range that is, however, lessl Experiment
significant than that in the range betwe&®psand sev-
eral ns. The experimental setup is described in detail in [6]. To de-

Generally, several important aspects have to be carefullermine the surface damage threshold at a given pulse dura-
evaluated when comparing the experimental threshold levet®on and number of laser shots we used the following three-

step method. (1) Surface damage was detected in situ by the
COLA99 — 5th International Conference on Laser Ablation, July 1923 detection of scattered light. To monitor the changes in the
1999 in Géttingen, Germany light scattering, the investigated spots were additionally il-
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luminated by al mW continuous-wave He-Ne laser beam
The surface was observed by using a combination of a lon
distance microscope objective and a CCD camera position
at a viewing angle of approximateB0° with respect to the
surface normal [7]. With this arrangement even very slig
surface modifications could be detected by the increase
intensity of the scattered He-Ne laser light or a significa
change in the speckle pattern. This way we obtained the fi
uncertainty interval in the damage threshold during the ex
periment. (2) We viewed the surface via an optical Normarsk
and scanning electron microscopy (SEM) to determine th: .
difference between the fluence when no modification wa =i
observable and when there was a (sudden) on-set of vis :
ble damage. Visible damage at a laser fluence close to tt
threshold level was usually accompanied by an increase i
the surface roughness, verified by atomic force microscopg, _ _ o
(AFM). These visible modifications regularly originate in that '85}3;2' ;E"ﬁ‘ Hcltgr(laasse?fslﬁg?sr_:gggct%du?:n?gzziﬂ)zgsoagggjsggﬁnogf .
part of the '"ummateq region which Corr,eSponds to the Pealt, rease in the scattered light from the surfdzenodification at a fluence
fluence of the Gaussian laser spot. Basically, we verified thgr 2.5 cn? and N = 5 laser shotsg image in this fig. however, depicts
results by monitoring the scattered light, reducing the errosub— pum cracks after 10 laser shots, not revealed using the Normarski mi-
slightly. However, the uncertainty interval remained greatesgroscope at highest resolutiod, surface after 100 shots at a fluence of
for the single-shot threshold, where an unambiguous obset-’ V¢
vation of a sudden change is more difficult than for higher
shot numbers. (3) For several laser fluence levels above thight monitoring and optical microscopy that there is “dam-
obvious damage threshold we determined the ablated aresge” after about 20 laser shots. The SEM image in Fig. 1c,
A semi-logarithmic plot of the ablated area versus the fluhowever, depicts supm cracks after 10 laser shots, which
ence leads to the expected linear dependency [6, 8], fromre not revealed by the Normarski microscope at its high-
which the ablation threshold can be estimated. This analyest resolution. The SEM picture Fig. 1d depicts the surface
sis for each individual region and pulse duration yields aafter 100 shots at a fluence hi7 J/cn?. There are no cracks,
“zero modification” threshold defined as the intersection ofvoids or other micro-structures visible; these are all modifica-
the linear fit with the horizontal fluence axis. In all casestions that would otherwise increase the mean roughness of the
these values were inside the uncertainty intervals determineZF, surface. Also, there are no changes in dispersion seen
in the first two steps, where the definition of damage rein the optical microscope that would attest sub-surface mod-
lied on the subjective impression of a sudden visible onification. However, the material must have undergone some
set of change between two experimental fluence levels. Thiaser-induced alteration. The image of this “white cloud” in
last step reduced the error considerably, especially for thEig. 1d is almost identical in size with that of the focused
values determined at a single and limited number of lasdiaser beam on th€aF, surface prior to SEM analysis. This
shots. modification is not considered to be surface damage in our
work. No ablation has taken place and the mean roughness re-
mained unchanged. However, similar images of this kind have
2 Results been reported elsewhere [9]. This effect could be considered
as a pre-cursor to the surface damage. Actually, only very
The SEM studies were performed without coating the surfew additional laser shots at a slightly higher fluene&%)
faces and at a fairly low acceleration voltagelo? keV to  yielded a very sudden on-set of massive ablation, leading to
avoid an increasing load on the dielectric surface with in-a hole severajum in depth. Similar results were obtained
creasing exposure time. The SEM pictures in Fig. Caf,  with LiF. Our investigations into laser-induced surface dam-
surfaces after (multiple) laser illumination at a fluence nearnge ofa-SiO, with ultra-short laser pulses match the results
threshold illustrate the differences in the modification (or inobtained for the fluorides with one important exception: the
the on-set of damage) depending on the method of detectiowhite cloud in the SEM image was not observed for fused
The laser-induced modifications in Fig. 1a (at a fluence o§ilica (or other oxides, e.g. corundum).
2.5 Jcm? and withN = 10 laser shots) lead to unambiguous
observation of an increase in the scattered light from the sur-
face. The roughened surface is only a fem in diameter 3 Discussion
and is located at the point of peak intensity of the focused
laser beam. FON = 5 and identical fluence the changes in theFigure 2a illustrates the dependence on the shot number
scattered light signal were too vague to secure confidence of the surface damage threshold fafrSiO,. During the
the presence of damage (hence the question mark). Howevérst 20 laser pulses we obtained 7@% decrease in the
by means of Normarski microscopy slight changes in colodamage thresholdF(1, 0.1 p9 = 3.7 J/en? reduces to
or contrast (alteration in dispersion?) can be seen in a smaf (20, 0.1 ps = 1.2 J/cn?. The damage threshold fod >
region, which correspond to the topography of minor modifi-100 F(N > 100, 0.1 p9 occurs in a smaller range of flu-
cations visible in the SEM picture in Fig. 1b. After lowering ence, which is similar to observations made by Stuart et al. [3]
the fluence down t8.2 J/cn¥ we observe from the scattered- for Fy(N = 600 to 1000Q 0.4 ps. However, it is import-
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Fig. 2a—c. Semi-logarithmic
plot of the surface thresh-
old versus shot numbers in
a fused silica determined
at a laser wavelength of
800 nmand at a pulse du-
ration of 0.1 ps Solid line
1 3 from fit following (1),
ol, . . . 1 - L] 1 b CaR, for three different
1 10 100 1000 1 10 100 1000 T 160 pulse durqtlons ana LiF
number of laser shots N ) ) N for_three different pulse du-
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ant to note that the dramatic change in threshold during thigally. The threshold data are plotted semi-logarithmically in
first 20 laser shots has the most crucial implications for laseFig. 2a, where the solid line is the calculated curve obtained
machining. from the fit of the threshold behavior based on (1). Also in-
Incubation effects in dielectric materials can be greatly included in Fig. 2a is the damage threshéid(N, 0.1 p9 for
fluenced by the excitation and generation of conduction-band = 1, 2, 5 and 10 determined at a focal spot size&6fim?
electrons, which will eventually lead to an accumulation ofat the surface by using tf#s-mmIlens. Within the experimen-
defect sites. The primary (resonantly enhanced) multi-phototal uncertainty the fluence threshold levels are identical with
excitation will lead to a production of electron-hole pairs onthose determined at a larger spot size. The quality of the fit is
a sub100fs time scale. These states have a lifetime betweequite satisfactory.
150fs and several ps [10] before forming self-trapped ex- Figure 2b illustrates the surface damage threshoGhih
citons and Frenkel pairs. A small fraction of these Frenkefor N =1 to 1000 shots for three different pulse duration,
pairs may not recombine and stabilize to F centers [11], intro8.2, 2.3 and.3 ps in a semi-logarithmic plot. The focal spot
ducing additional energy levels and excitation routes for thaize on the surface in this case weB0um?. Note that the
next laser shot. The relative change in the laser-induced defed¢pendence of the surface damage threshold on the shot num-
concentration will decrease with increasing shot numbers urber differs for each individual pulse duration. Here again, the
til finally reaching a point of saturation in the dielectric. The solid lines illustrate the calculateféh(N, ) based on the fit
reduction in damage threshold is therefore less pronouncedasing (1) for eachrp. Also included in Fig. 2b is the bulk
higher shot numbers. In such a case, irradiation at a fluenalamage threshold obtained Ht= 100 and 1000 shots for
below a minimum level would require an infinite number of tp = 2.0 ps In events in which the first damage point is gener-
pulses to initiate the defect accumulation and, hence, activatged100-200um below the surface, only very few laser shots
macroscopic damage. In other words, irradiation at a fluencare necessary to obtain a violent ablation feature at the sur-
below a minimum level would require an infinite number of face. This effect makes the determinationFgN > 100, )
pulses to initiate macroscopic damage. Before discussing tteametimes difficult and can lead to unexpectedly low surface
mechanism of the most likely process responsible for incudamage threshold levels. This may be the case for the sur-
bation in dielectrics, let us assume that the relative changiace damage threshold determined3a& psand N = 1000
in damage threshold at thi, shot, AFn = Fn(N, 7p) — laser shots inCak,. For picosecond pulses this sub-surface
Fin(N —1, 7p), is proportional to the damage threshold a lasedamage effect is more likely than for sub-picosecond pulses,
shot earlier,Fn(N — 1, 7p). This would imply that the effect since in the latter case self-focusing requires a higher laser
of incubation (and therefore the relative impact it will havepower [13]. The results for the damage threshold we obtained
on the absorption cross section) is strongest for the initigflor LiF by using0.3-ps 0.9-ps and 2-ps near-infrared laser
laser shots and then trends to be less significant for additiongllses, depicted in Fig. 2c, are very similar.
shots until finally the damage threshold reaches a constant
level at high shot numbers. We can then describe how the sur-
face damage threshol8,n(N, ), depends on the laser shot 4 Conclusion
number for a given pulse duratiap by the following simple

exponential decay formula [12]: We have demonstrated that for transparent materials the num-
ber of laser shots with picosecond and sub-picosecond pulses
Fin(N, 7p) = Fin(00, 7p) (1)  plays a key role in the surface damage threshold with near-
+ (Fin(1, 7p) — Fin(00, 7p)) exp —K(N — 1)]. infra-red ultra-short laser pulses. This has important implica-

tions for the lifetime of optical components for such lasers
Here, Fin(1, 7p) is the single shot threshold and the empiri-and for controllable and precise laser machining at low flu-
cal parametek describes the strength the incubation effectence. The most dramatic change in the damage threshold is
has on the relative change in the absorption cross section (observed typically during the first 20 laser shots and is re-
this model independent &). The largek is, the fewer laser lated to defect accumulation, e.g. F-center formation. This is
shots are necessary to obtain the constant damage threshoidst evident for the strong ablation phase in sapphire. Sub-
Fi(co, 7p), below which an infinite number of laser shots surface damage related to self-focusing of the laser beam
would not reduce the lifetime of the sample optics, theoretand bulk defect accumulation can lead to surface ablation at
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a high number of laser shots and at a fluence below the es-3.

timated surface damage threshold for an infinite number of
laser shots.
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