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Numerical aperture dependence of damage and
supercontinuum generation from femtosecond

laser pulses in bulk fused silica
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Competing nonlinear optical effects are involved in the interaction of femtosecond laser pulses with transpar-
ent dielectrics: supercontinuum generation and multiphoton-induced bulk damage. We measured the threshold
energy for supercontinuum generation and bulk damage in fused silica using numerical apertures (NAs) rang-
ing from 0.01 to 0.65. The threshold for supercontinuum generation exhibits a minimum near 0.05 NA and
increases quickly above 0.1 NA. For NAs greater than 0.25, we observe no supercontinuum generation. The
extent of the blue broadening of the supercontinuum spectrum decreases significantly as the NA is increased
from 0.01 to 0.08, showing that weak focusing is important for generating the broadest supercontinuum spec-
trum. Using a light-scattering technique to detect the onset of bulk damage, we confirmed bulk damage at all
NAs studied. At a high NA, the damage threshold is well below the critical power for self-focusing. © 2006
Optical Society of America
OCIS codes: 320.2250, 260.5950, 140.3440, 160.6030.
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. INTRODUCTION
hen femtosecond pulses are strongly focused into a

ransparent material, permanent damage can be pro-
uced in the bulk of the material via nonlinear
bsorption.1–3 Although weakly focused femtosecond
ulses can also produce bulk damage,4,5 significantly
ore energy is required than under strong-focusing con-

itions and such pulses tend to generate a considerable
mount of supercontinuum light.6 The pulse’s spectrum
roadens considerably as it propagates, resulting in the
ormation of a broad flat pedestal on the blue side of the
pectrum (blue broadening).6,7 The fact that otherwise
dentical laser pulses produce damage when strongly fo-
used and generate a supercontinuum when weakly fo-
used shows that the numerical aperture (NA) is a critical
arameter that governs how femtosecond laser pulses in-
eract with and propagate in transparent materials. In
his paper we study how the focusing conditions affect
ulk damage and supercontinuum generation by femto-
econd laser pulses in fused silica.

Laser-induced breakdown and supercontinuum genera-
ion have been studied extensively.6–9 The role of focusing
onditions in the breakdown and supercontinuum genera-
ion in CO2 gas and in water has been investigated with
icosecond10,11 and femtosecond pulses.12 The effect of the
A on femtosecond pulse propagation and supercon-

inuum generation has also been investigated in solids us-
ng numerical simulations13,14 and experimentally in
used silica.9 The experimental work in fused silica, how-
ver, was limited to NAs ranging from 0.03 to 0.29 and
dentified the detection of radiation at 400 nm as the
hreshold for supercontinuum, as opposed to looking for
he onset of blue broadening.

Here we report the results of a systematic study of the
0740-3224/06/112317-6/$15.00 © 2
nergy threshold for bulk damage and supercontinuum
eneration using femtosecond pulses in fused silica as a
unction of the NA of the external focusing optics. While
emtosecond pulse-induced damage is an intensity-
ependent effect, self-focusing makes the unambiguous
etermination of the focused spot size within the bulk
hallenging, and hence we use the pulse energy as the
undamental quantity in this study, as it is the quantity
ver which the experimenter has direct control. Our re-
ults indicate that the interaction of femtosecond laser
ulses with transparent materials falls into three re-
imes, depending on the NA. We find that bulk damage
an be produced at all NAs investigated �0.1�NA
0.65�, but that supercontinuum generation does not oc-

ur at 0.25 NA or higher (the “high-NA regime”). In the
ange from 0.05 to 0.15 NA (the “medium-NA regime”), we
bserve the supercontinuum generation, but multiple
hots show the accumulation of bulk damage, causing the
upercontinuum to disappear. Finally, below 0.05 NA (the
low-NA regime”), it is possible to damage the bulk, but
nly at energies significantly above the threshold for the
upercontinuum generation. The morphology of the dam-
ge is found to be different for high and low NA. For dam-
ge induced at low NAs, we observe multiple refocusing of
he femtosecond laser pulse. We also show that the extent
f the blue broadening in the supercontinuum diminishes
ith an increasing NA.

. EXPERIMENTAL SETUP
he experiments were carried out using a multipass-
mplified Ti:sapphire laser operating at 1 kHz with a cen-
er wavelength of 800 nm, a 40 nm spectral width, a pulse
uration of 60 fs, and pulse to pulse energy fluctuations
006 Optical Society of America
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elow 2%. Amplification is required to reach the critical
ower for self-focusing (about 300 nJ for a 60 fs pulse7,15).
dditionally, the low repetition rate of the laser allows

he sample to be translated during irradiation so that
ach successive pulse hits an unexposed area.

All experiments were carried out on UV-grade fused
ilica samples (ESCO commercial quality Sl-UV; �5
aves/inch; 60-40 scratch-dig or better surface quality).
or the experiments carried out at focusing conditions be-

ow 0.1 NA, we used 12 mm thick samples to ensure that
ll high-intensity propagation was confined to the bulk.
t higher NAs we used thinner (1.0 and 3.0 mm) samples.
A schematic of the experimental setup is shown in Fig.

. Because the key parameter in this study is the focusing
ngle of the incident pulse, beam quality is of critical im-
ortance. We therefore spatially filtered the 6 mm unfo-
used beam exiting the laser system using an iris (I1) so
hat a small section (approximately 0.5 mm in diameter)
f the beam of relatively uniform intensity passes
hrough, diffracting into an Airy pattern in the far field.
his mode propagates 3 m and is then expanded by a fac-
or of 3 using a telescope (L1, L2). A second iris (I2) spa-
ially filters the central spot of the Airy pattern. This cen-
ral spot, which is nearly Gaussian, is imaged with a CCD
amera to measure mode shape and spot size. A fraction of
he transmitted beam, which has a 1/e2 diameter of about
–8 mm, is split off and focused onto a calibrated photo-
iode (PD) to monitor the energy of each pulse incident on
he sample. The pulse energy can be varied continuously
ver a large range using a combination of a half-
aveplate (WP) and a Glan-laser polarizer (P), as well as
filter wheel (F1) that spans 3 OD (optical density) in 0.1
D steps.
To focus at low NAs we used commercial BK7 and fused

ilica singlet lenses with focal lengths ranging from
00 mm to 50 mm. Using these lenses and a beam diam-
ter of 7–8 mm we obtained NAs between 0.01 and 0.08.
bove 0.16 NA, the spherical aberration introduced by a
inglet lens degrades diffraction-limited focusing, so we
sed microscope objectives to obtain diffraction-limited
pots at NAs ranging from 0.10 to 0.65. We observe that
he damage threshold plateaus or has a slight minimum
ith the focus at a depth of roughly two confocal param-

ig. 1. Schematic of the setup used for damage and supercon-
inuum experiments. I1, I2, I3, iris; F1, F2, F3, neutral density
lter wheels; WP, waveplate; P, polarizer; L1, L2, 3� telescope;
3, 0.2 m focal lens; L4, sample focusing lens–objective (varied

hroughout experiment); PD, photodiode. All collection optics are
V-grade fused silica transparent down to 300 nm.
ters. Therefore, we choose two confocal parameters as
he depth for consistent bulk damage threshold measure-
ents.
The BK7 and fused silica singlet lenses do not intro-

uce appreciable dispersion [approximately
160 ps km−1 nm−1 (Ref. 16)], and therefore the pulse du-
ation was minimized at the input of the focusing lens.
he multiple elements and different glasses in high-NA
icroscope objectives, however, cause significant disper-

ion, and so the pulse must be prechirped to compensate
or this dispersion. We therefore adjusted the grating
ulse compressor to obtain the lowest energy damage
hreshold in the sample. The pulse width at the focus is
hen roughly equal to the shortest pulse duration mea-
ured in front of the objective.17

. Experimental Procedure—Supercontinuum
eneration
s the threshold for supercontinuum generation we use

he energy required to broaden the pulse spectrum such
hat 720 nm radiation is just visible to the dark-adapted
ye. The supercontinuum generated is passed through a
chott BG40 filter, which passes the visible and begins to
ut on strongly around 600 nm, to block the intense
00 nm portion of the spectrum. We chose this criterion
ecause 720 nm is near the long-wavelength edge of the
symmetric blue-broadening characteristic of supercon-
inuum generation. Once we determined the energy
hreshold for a given NA, we increased the pulse energy
y 60% and 100% and recorded the resulting supercon-
inuum spectra. Because at some NAs damage occurs be-
ow the supercontinuum threshold, the sample is continu-
usly translated at 20 mm/s while spectra are collected,
o that each pulse is incident on a fresh section of the
ample.

Figure 2 shows a typical supercontinuum spectrum. An
mportant metric for evaluating the supercontinuum is
he extent to which the spectrum has been blue broad-
ned. The edge of the blue broadening is chosen as the

ig. 2. Typical supercontinuum spectrum produced by a 60 fs,
80 nJ 800 nm laser pulse (1.6 times the supercontinuum thresh-
ld) focused at 0.025 NA. The value at the 800 nm peak is attenu-
ted due to the spectrometer’s limited dynamic range (typically,
he pedestal is down by 100 to 500 times). The blue-broadening
idth is measured from the laser’s center wavelength �800 nm�

o the wavelength where the intensity of the supercontinuum
pectrum is reduced to 10% of its plateau value.
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avelength where the intensity has dropped to 10% of the
verage intensity of the flat pedestal (dashed line in Fig.
). The blue broadening is defined as the difference in
hoton energy between this edge and the 800 nm seed
ulse, as indicated in Fig. 2.

. Experimental Procedure—Bulk Damage
e measured the damage threshold using a previously re-

orted scattering technique.18 A He–Ne probe laser beam
ropagates collinearly with the femtosecond laser pulse
nd reaches a focus at the same spot as the femtosecond
aser. A beam block prevents the undisturbed He–Ne sig-
al from reaching the detector. The damage threshold is
etermined by capturing the scattering of a He–Ne laser
robe beam caused by material modification at the focal
pot and recording it on a PD.

Contrary to the damage produced by longer pulses,
emtosecond pulse-induced damage exhibits a sharp in-
ensity threshold.3,19,20 We observe that the measured
alue of this threshold (using the pulse energy as a met-
ic) depends on the incident number of shots because both
he size of the damage structure and the magnitude of the
ndex change increase with each successive laser shot,
nd the scattering technique has a lower limit of sensitiv-
ty. We investigated this dependence by measuring the
e–Ne scattered signal versus pulse energy at a number

f NAs, for 1 to 10,000 incident pulses. The energy dam-
ge threshold �Eth

D � decreases with an increasing number
f pulses and plateaus as the number of pulses per spot
ncreases to 5000 pulses (confirmed for NAs of 0.1, 0.25,
.45, and 0.65). This measurement calibrates the scatter-
ng apparatus, and hence the damage threshold we report
s for 5000-pulses. For these damage threshold measure-

ents, the sample is stationary for the duration of a given
000-pulse exposure, and then translated to a fresh re-
ion prior to continuing the experiment.

. RESULTS
igure 3 shows how the extent of the blue broadening de-
reases with increasing NA. The data obtained at both 1.6
nd 2.0 times the supercontinuum threshold energy �Eth

S �
how the same trend, emphasizing that weak focusing
hould be used to obtain the broadest supercontinuum
pectrum. Around 0.05 NA the shape of the spectrum

ig. 3. NA dependence of the blue broadening at two different
ulse energies.
hanges: at a lower NA the spectrum shows the charac-
eristic blue-broadened pedestal seen in Fig. 2; at higher
As the broadening is much more symmetric. Above
.05 NA the supercontinuum generation also decreases
hen thousands of successive pulses are incident on the

ame spot, suggesting a slow buildup of damage. Above
.1 NA, the damage threshold is lower than the supercon-
inuum generation threshold and plasma emission may
ontribute to the recorded spectrum21 resulting in unreli-
ble data for the blue broadening.
Figure 4 shows how the energy thresholds for super-

ontinuum generation and bulk damage depend on the
A. Below 0.07 NA, the threshold for supercontinuum
eneration is roughly constant at 300 nJ. Above 0.07 NA,
owever, the threshold quickly increases, and by 0.25 NA,
o supercontinuum is observed up to the highest pulse
nergy, 10 �J, available.

The threshold power for the onset of supercontinuum
eneration is the same as the critical power for self-
ocusing in a wide range of transparent materials,10,22–24

upporting the hypothesis that supercontinuum genera-
ion is triggered by self-focusing. For the 60 fs pulse used
n this experiment, the threshold energy value for super-
ontinuum generation of 300 nJ corresponds to a peak
ower of 4.9 MW, roughly consistent with the 4.3 MW
ritical power for self-focusing in fused silica.8,18

For pulse energies below the energy corresponding to
he critical power, the effects of self-focusing can be taken
nto account and the focused spot size can be reliably
redicted,25 yielding the following relation between pulse
nergy, intensity, and NA:

E =
I��2

0.9 �2�
NA2

1 − NA2 +
I�2

Pcrit
�−1

. �1�

sing the critical power Pcrit=4.9 MW obtained above, we
an fit this expression to the three damage threshold data
oints with NA�0.10 using the intensity as a fitting pa-
ameter. The result is shown in Fig. 4, and yields a
hreshold of 1.0�1018 W/m2 (67 kJ/m2 peak fluence),
onsistent with the breakdown intensities reported for
ther transparent materials of similar bandgap.2,18,19,26–28

he fit becomes inaccurate as the threshold energy ap-
roaches the energy associated with the critical power

ig. 4. Energy thresholds for damage (filled circles) and super-
ontinuum generation (open circles) versus NA. The black curve
s a constant peak intensity fit of Eq. (1) to the damage data ob-
ained for NAs above 0.1.
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nd the assumption of weak self-focusing is no longer
alid.

Figure 5 shows the scattering of He–Ne laser light due
o bulk damage as a function of incident pulse energy for
hree different NAs. As can be seen for 0.45 NA, there is a
harp energy damage threshold, indicated by the abrupt
inear increase in the scattered signal. We do not observe
uch a sharp threshold at NAs below 0.1; instead the scat-
ering intensity gradually increases as the pulse energy is
ncreased (see, e.g., the data for 0.035 NA in Fig. 5). The
harp threshold exhibited in the high NA regime (0.25 NA
r greater) is generally associated with the onset of mul-
iphoton ionization.3,18–20,27,29 Our data therefore suggest
hat the damage observed at NAs above 0.1 are due to
ultiphoton ionization of the material at the focus. The

radual increase in scattering observed below 0.1 NA sug-
ests that a different mechanism is at play at these lower
As.
Previous work has shown that at a high NA (0.65 to

.4 NA) and pulse energies near the damage threshold,
he extent of the damage is found to be roughly equal in
ize to the focal volume.30 At energies significantly above
hreshold, the threshold intensity for damage is reached

ig. 5. Dependence of the He–Ne laser scattering signal on
ulse energy and NA. For each data point the scattering inten-
ity was determined after accumulating 5000 pulses on a single
pot in the sample.

ig. 6. Contrast-enhanced microscopy images of bulk damage in
used silica at low NA. The laser pulse is incident from the right.
ertically offset lines represent multiple repetitions of the ex-
eriment. The images are for an exposure of 10,000 pulses with
a) 0.055 NA at two times the damage threshold �2Eth

D �, (b)
.033 NA at 3ED , (c) 0.019 NA at 2ED , and (d) 0.020 NA at 3ED .
th th th
arly in the pulse, as the leading edge reaches the focus.
owever, the more intense regions of the pulse produce
bove-threshold intensities in front of the focus, where
he spot size is larger, resulting in a cone-shaped damage
rea.30 We used side-view optical microscopy to confirm
hat damage was confined to the bulk and to determine if
here is any change in the damage morphology as the NA
s lowered. To this end we polished two opposite thin sides
f a 1.5 mm thick, 25 mm�25 mm square sample of fused
ilica and exposed the sample with the polished edges
ormal to the incident beam at NAs ranging from 0.019 to
.25 and energies from threshold to nearly ten times
hreshold. Because the damage generated at a low shot
umber does not yield significant changes in the index of
efraction, each spot was exposed to 10,000 pulses. In all
ases, the damage is confined to the bulk; we did not ob-
erve any surface damage.

As in the previous study, our results showed that in the
igh NA regime the structures produced in the bulk near
he energy threshold match the confocal parameter in
ength, but for low NAs the structures are shorter than
he confocal parameter. Figure 6 shows representative op-
ical microscope images of the 10,000-pulse damage in the
edium and low NA regime. At 0.055 NA the confocal pa-

ameter is 255 �m, but the structures produced near the
hreshold energy extend for only 130 �m [Fig. 6(a)]. As
he NA is reduced, the discrepancy between the confocal
arameter and the length of the structure increases. At
.033 NA the structures begin to include the conical re-
ion in front of the focus [Fig. 6(b)]. Including this conical
egion the observable structure is only about 230 �m
ong, while the confocal parameter is about 700 �m. At
.023 NA, the confocal parameter is 1.4 mm, but the
tructure length near the threshold is only 290 �m long.
t 0.019 NA the damage structures break up into two dis-
onnected regions [see Fig. 6(c)], but the overall length of
he structures is still much shorter than the confocal pa-
ameter.

In the low NA regime, the damage structures break up
s the energy is increased to several times the energy
hreshold. For example, at 0.033 NA the single, cone-
haped damage structure seen in Fig. 6(b) breaks up into
wo regions similar to those seen in Fig. 6(c) when the en-
rgy is increased to four times the energy threshold. The
egion closest to the source is still cone shaped; the second
egion is located farther away from the source and is line
haped. The breaking up of the damage structures thus
epends not only on the focusing conditions, but also on
he laser energy.

We also investigated the dependence of the damage
orphology on the number of laser pulses. To this end we
ade a series of damage structures at 0.020 NA and three

imes the energy threshold varying the number of laser
ulses. At 1000 pulses two zones of damage are visible
nd at 5000 pulses a third zone becomes visible down-
tream. As more pulses accumulate, the three zones be-
ome more clearly visible [see Fig. 6(d)].

. DISCUSSION
ur results indicate that the interaction of femtosecond

aser pulses with transparent materials falls into three
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egimes, depending on NA. For NAs larger than 0.25, we
bserve bulk damage above a certain pulse energy thresh-
ld but never any supercontinuum. In the range from 0.15
o 0.05 NA, we observe supercontinuum generation but
ultiple shots show the accumulation of bulk damage,

ausing the supercontinuum to disappear over time. Fi-
ally, below 0.05 NA, it is possible to damage the bulk,
ut only at energies significantly above the threshold for
upercontinuum generation.

In the high-NA regime, the laser pulse energy at the
amage threshold is not high enough to reach the critical
ower for self-focusing, and hence the external focusing
ominates. The beam converges rapidly, producing inten-
ities around 1018 W/m2 and creating a carrier density of
pproximately 1027 m−3 via nonlinear absorption.3 Most
f the pulse energy is thus deposited into the material at
he focal volume either through nonlinear absorption or
ubsequent linear absorption by the plasma, resulting in
ulk damage. What is left of the pulse quickly diverges af-
er the focus. Because the pulse does not propagate at
igh intensity for an appreciable distance there is no in-
eraction length over which self-phase modulation can ac-
umulate or an optical shock can form and so no super-
ontinuum is generated.14 Even at pulse energies
xceeding the critical power we observe no supercon-
inuum. The absorption of energy at the focus prevents
he subsequent recollapse of the pulse via self-focusing.
ndeed, a previous study18 confirmed that when 3 �J,
10 fs pulses are focused into fused silica at 0.65 NA, the
nergy remaining in the pulse after propagation through
he focus is always below the critical power at that pulse
idth.
At low NA, self-focusing increases the pulse intensity

s it propagates through the sample. The increasing in-
ensity creates a low-density electron plasma �1024 m−3�
hat counteracts self-focusing,8,14,15 prevents the forma-
ion of a critical density plasma, and prevents single-shot
amage at energies available in our experiments. Super-
ontinuum is generated by the accumulation of self-phase
odulation, self-steepening, and space-time focusing
hile the pulse propagates as a filament.14,31,32 As the NA

s increased, the confocal parameter becomes smaller,
ielding a shorter interaction length and therefore less
lue-broadening.
The NA regime simply represents the transition be-

ween these two extremes. As the NA is decreased and the
ocused spot size increases, more energy is required to
each the breakdown intensity, bringing the pulse closer
o or above the critical power for self-focusing. The more
hat self-focusing dominates the effects of the external fo-
using (NA), the closer the interaction moves toward the
ow-NA regime.

The optical microscopy images in Fig. 6 and the scat-
ering intensity data suggest that the damage mechanism
s different in the low- and high-NA regimes. The low-NA
amage shows filaments that are much shorter than the
onfocal parameter of the external focusing. Also, there is
o sharp energy threshold for damage at low NA (Fig. 5).
t is possible that the supercontinuum that occurs at low
A causes color center formation or densification. Indeed,

he formation of color centers was observed in the bulk of
ome silicate glasses under weakly focused femtosecond
rradiation.33 This color center formation was attributed
o the linear and two-photon absorption of the blue edge
f the supercontinuuim.33 Additionally, ultraviolet radia-
ion is known to cause densification of silica34 and is
idely used in the writing of fiber Bragg gratings.35 At a
igh NA, on the other hand, the damage mechanism can
e attributed to a combination of multiphoton absorption
nd avalanche ionization.3,18–20,27,29

The breaking up of the damage structures shown in
igs. 6(c) and 6(d) can be attributed to the refocusing of

emtosecond pulses in fused silica. Refocusing of femto-
econd beams has been modeled36,37 and observed in air38

nd liquids39 and imaged by plasma emission in solids at
igh40 and low41 NAs. The multiple zones of damage we
bserve at a low NA are consistent with the observed
lasma emission due to refocusing of femtosecond laser
eams in fused silica.41

In conclusion, we studied the role of the NA of the ex-
ernal focusing in the interaction of femtosecond laser
ulses with transparent materials. At a high NA (above
.25 NA), single-shot, catastrophic damage occurs, and no
upercontinuum generation is observed. Below 0.15 NA
e observe supercontinuum generation and damage at a

hreshold significantly above the threshold for supercon-
inuum generation. Bulk micromachining is only practical
or NAs of 0.25 NA and above, where self-focusing effects
re minimal and spot size and focal position can be accu-
ately predicted and controlled. Further, as the NA is in-
reased, the energy necessary to cause material modifica-
ion decreases, minimizing collateral damage. While
upercontinuum can be produced at any NA below
.15 NA, the spectrum is broadest at the lowest NA. Also,
t the lowest NA, the supercontinuum is produced well
elow the damage threshold. Below 0.05 NA we observe
ultiple refocusing of the femtosecond laser beam. The

esults presented in this paper show that the NA, a linear
ptical parameter which is independent of the laser pa-
ameters, controls the interaction of ultrashort laser
ulses with transparent materials, a highly nonlinear
rocess.
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