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Predictable surface ablation of dielectrics with few-cycle laser pulse even
beyond air ionization
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We study surface ablation of dielectrics with single-shot few-cycle optical pulse (�10 fs) in air, at

intensities below and above the onset of air ionization. We perform 3D analysis and careful calibra-

tion of the fluence distribution at the laser focus, spanning from linear– to nonlinear– focusing

regimes, enabling to thoroughly characterize the severe limitation of the fluence delivered onto the

sample surface upon increase of incident pulse energy. Despite significant beam reshaping taking

place at high fluence, we demonstrate that it is nevertheless possible to confidently predict the

resulting crater profiles on fused silica surface, even in the regime of filamentation. Published by
AIP Publishing. [http://dx.doi.org/10.1063/1.4960152]

Few-cycle laser pulses offer remarkable capabilities for

laser-matter interaction, especially for ablation of transparent

dielectric materials. Since the first experiments using �10 fs

pulses,1,2 knowledge has progressed to highlight the most

interesting features compared to longer femtosecond pulses:

triggering of preferential nonlinear absorption mechanisms,

leading to reinforcement of the deterministic character of

interaction3 as well as the need for only a low amount of

energy to overpass material threshold.4 These two peculiari-

ties confer the capability to machine matter with high resolu-

tion (below the diffraction limit) resulting in calibrated

outcomes and minimal collateral effects and affected zone.

However, focusing ultrashort laser pulses in air implies

natural limitations to linear beam propagation prior the tar-

get. When the peak power of a Gaussian beam exceeds the

critical power Pcr (around 3 GW in air at 800 nm (Ref. 5)),

self-focusing related to the modulation of the refractive

index by optical Kerr effect causes the beam to collapse

before the geometrical (linear) focus.5,6 This provokes an

increase in the intensity, yielding photoionization of air (at

intensities of few 1013 W/cm2), and creation of plasma

whose free electrons contribute negatively to the refraction

index and defocus the beam. Laser filaments can also form

as a result of the dynamic balance between these two com-

peting effects;5 they have been extensively studied for low

numerical aperture, typically NA � 10�2–10�3 (see, for

example, the review of Ref. 7). However, micrometric-scale

surface ablation of dielectric materials requires stronger

external focusing and pulse energies above the threshold for

nonlinear propagation effects in air. Very few experimental

studies have examined femtosecond pulse propagation in air

with tightly focused beams.8–11 In previous works done in

such conditions,12 we determined an intensity, equal to INL

¼ 1.4� 1014 W/cm2, above which the beam undergoes dis-

tortions due to the nonlinear effects taking place in air.

Nevertheless, the consequences on ablation outcomes (as for

instance the diameter of the ablated crater) using few-cycle

pulses have not been investigated so far.

In this letter, we show that, despite pre-focal nonlinear

propagation and air ionization that yield severe beam distor-

tions, prediction and realization of high-quality ablation cra-

ter are still attainable in air. By carefully measuring the 3D

beam distribution, we highlight the need to re-define the flu-

ence at the position of the sample surface, and we reveal and

characterize its limitation upon increase of the incident pulse

energy. We illustrate the interest of this knowledge by dem-

onstrating that the range of applicability of few-cycle pulses

to ablation in air ambiance is thereby extended far beyond

the natural limit which corresponds to the appearance of non-

linear effects in air.

The experimental setup using ASUR platform has been

described in detail elsewhere.12 It relies on a Ti:Sa laser sys-

tem delivering linearly polarized 25 fs, 1 mJ pulses at 100 Hz,

and 800 nm central wavelength. The spectrum is further

enlarged up to 160 nm at 1/e2 (720–880 nm) through cross-

polarized wave generation in two cascaded BaF2 crystals. A

set of chirped mirrors followed by two thin SiO2 wedges

enable to accurately compress the pulse down to 12 6 1 fs

FWHM with a maximal energy (61.6% rms) of 50 lJ. The

incident beam radius measured at 1/e2 with respect to intensity

is 2.5 mm. The beam is further focused with an off-axis para-

bolic mirror (gold-coated, f0 ¼ 50 mm) on the target surface

with normal incidence (NA¼ 0.05). The pulse duration is

measured with a second-order autocorrelator located just

before the focusing mirror. The tested dielectric material is

amorphous fused silica SiO2 (superpolished Suprasil from

Heraeus, thickness 2.5 mm) chosen for its wide range of appli-

cations in optics and material science. However, the results

may apply to any other material. All the experiments are per-

formed in single-pulse regime, i.e., every pulse irradiates a

fresh zone of the sample. The ablated craters are quantitatively

characterized by confocal microscopy.

We first characterize the beam distribution without the

sample by longitudinal imaging, achieved by collecting the

beam using a 0.14-NA microscope objective and imaging it

onto a beam analyzer with a 14� magnification. We measure

2D transverse images of the beam in several planes in the

vicinity of the focus, and we reconstruct the 3D intensity distri-

bution of beam propagation for every incident energy [Fig. 1].
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At low incident energy, we measure Gaussian beam distribu-

tion and propagation [Fig. 1(a)]. The position z ¼ 0 on the

optical axis corresponds to the focal plane, referred to as

“linear” focus, in the absence of nonlinear propagation in air.

The fluence is defined by FGðr; z ¼ 0Þ ¼ F0 exp ½�2r2=w2
0�

with F0 ¼ 2E=pw2
0 the peak fluence (E is the pulse energy)

and w0 ¼ 11:0 lm the measured beam radius at 1/e2. The

sample is then precisely located in the focal plane using com-

bined energy-scan and z-scan procedures with an accuracy of

50 lm, much better than the Rayleigh range zR ¼ pw2
0=

M2k ¼ 396 lm (with measured M2 ¼ 1:2).

For Gaussian beam, and assuming deterministic charac-

ter of interaction, the diameter D of the crater should satisfy

the relationship13 (expressed either in terms of fluence or

energy)

D2 ¼ 2w2
0lnðF0=FthÞ ¼ 2w2

0lnðE=EthÞ: (1)

The ablation threshold Fth is defined by D2 ¼ 0. Figure 2

shows that the experimental data are fully in accordance

with this equation only for low incident energies, until Eair
NL

¼ 7:5 lJ (corresponding intensity Iair
NL¼1:65�1014 Wcm�2).

As expected, this value is slightly above the intensity we pre-

viously determined,12 the small difference being related to

the observable used for defining it. In our former experiment,

we indeed measured the energy above which the beam focal

plane begins to move out of the linear focus while here we

observe the consequences of such displacement on an out-

come of the interaction, e.g., the ablation diameter.

Importantly, this enables to retrieve the ablation threshold

of the fused silica sample (Fth ¼ 1:8 J cm�2, expressed in

terms of peak fluence), which is well below the energy level

corresponding to the onset of nonlinear effects. In addition, the

slope of the fit gives the beam waist, w0 ¼ 11:3 lm, which is

in excellent agreement with the measured value. Thus, up to

E ¼ Eair
NL (corresponding to F ¼ 4:1 J cm�2 ¼ 2:3Fth), the

crater diameter is completely and easily predictable. This is a

finding of high practical importance: indeed, working under

vacuum environment is not absolutely mandatory when using

�10 fs pulses, provided that the fluence is properly adjusted. A

range of fluence close to threshold exists such that ablation in

air is not hampered.

For incident energies above Eair
NL, crater diameters deviate

from Eq. (1), with dimensions larger than expected. Beam

analysis [Figs. 1(b) and 1(c)] indeed reveals how the nonlinear

propagation in air changes the beam properties prior the linear

focus. Note that for high energies the accuracy of the imaging

system is somewhat lowered in the region up to the nonlinear

focus only, because in this case the beam is measured through

a medium (air) developing optical aberrations. However, in

our experiment, the main interest is to know the details of the

beam in the plane of the sample, thus in an observation zone

where the imaging set-up is free of any optical aberrations. At

this point, let us specify also that our aim is not to perform a

dedicated study of beam propagation in air under external

focusing, and not to characterize the density of the plasma

generated in air but rather to link ablation results to beam

analysis. In particular, self-focusing and air ionization cause

changes in the z-position of the actual focus, as well as on fur-

ther propagation properties. As a result, the actual beam at the

sample surface (still located in the linear focus plane) is

severely distorted, so that ablation may result in craters of

completely different characteristics. The crucial point for pre-

diction of crater diameter is the ability to accurately depict the

FIG. 1. 2D mapping of the reconstructed fluence along beam propagation

for three different energies corresponding to the three regimes of propaga-

tion identified (see after). The fluence is calibrated by taking into account

the energy conservation and the measured beam size, considering Gaussian

beam propagation for cases (a) and (b) and superposition of Gaussian and

superGaussian beams for case (c). The position z¼ 0 (“linear” focus) is indi-

cated by the dashed line.

FIG. 2. Measured ablated diameters squared D2 as a function of incident energy

(logarithmic scale). The numerical fit (continuous line) is obtained using the

equation D2 ¼ 2w2
0lnðE=EthÞ for data corresponding to E < Eair

NL. The ablation

threshold Eth¼ 3.6lJ is obtained when the fit reaches D2¼ 0. The data of

ablated diameters are averaged over 10 points, using confocal microscopy.

Three craters and 1-D profiles are shown in the three different regimes.
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actual fluence FðrÞ on the target surface, which we investigate

now in detail.

Upon increase of the incident energy above Eair
NL, we

identify two main regimes of beam propagation. The first

regime (illustrated by Fig. 1(b)) corresponds to Eair
NL < E

< Eair
ioniz:. The upper energy limit of this regime was estab-

lished from former experiments measuring the onset of blue

shift and enlargement of the spectrum12 resulting from air

ionization. Here, considering the impact on ablation diame-

ters, it translates into Eair
ioniz: � 12 lJ for which strong devia-

tion from the Gaussian prediction is seen (see Fig. 2). In the

regime Eair
NL < E < Eair

ioniz:, the beam profile is still Gaussian-

shaped but the focus is shifted towards the incoming laser beam

direction (essentially due to self-focusing12) and its waist

dimension wair
0 is decreased compared to the one measured at

linear focus. After this nonlinear focus, the beam diffracts and

spreads transversely, further leading to larger dimension wair
sample

on the sample surface (see Fig. 3, E¼ 10.5 lJ). Experimental

data measured at energy levels representative of the different

regimes are reported in Table I. A second regime is identified

for energies E � Eair
ioniz: (illustrated by Fig. 1(c)). In addition to

the increased shift of the nonlinear focus prior the target, the

beam intensity distribution is severely affected due to air ioni-

zation. Detrimentally for ablation experiments, the beam is no

more Gaussian-shaped at the surface of the sample (see Fig. 3,

E¼ 30.2 lJ).

In fact, such beam profile reproduces very well theo-

retical results from propagation in filamentary regime

under tight external focusing. Indeed, Chin et al.14,15

have shown that in filamentary regime the intense laser

beam is composed of single fundamental mode, the fila-

ment core, and all other higher order modes that form the

background reservoir.16 The role and details of the energy

reservoir were shown and clarified in Refs. 17–19.

Following Ref. 17, the energy reservoir is expected to be

(i) much larger than the core and (ii) to contain the major

part of the pulse energy. Thus, the appearance of such

beam distortions upon increase of incident energy high-

lights the need to re-define properly the fluence. With the

aim of providing straightforward assessments and predict-

ability of crater dimensions for ablation experiments, we

now demonstrate that such fluence profiles can be well

fitted by a combination of superGaussian functions (SG)

of order n

F rð Þ ¼
X

n

Ean
21=nn

pw2
nC 1=nð Þ

 !
exp �2

r

wn

� �2n
" #

: (2)

The normalization factor (in bracket) depends on the order n
and CðxÞ is the Euler Gamma function. For every beam that

we measured for a given energy E, the free parameters of the

numerical fit are: the order n of each participating SG func-

tion (note that n ¼ 1 corresponds to a Gaussian function),

the radius wn at 1/e2, and the weighting coefficient an ensur-

ing that the 2D integration over r of the fluence function

FðrÞ equals the energy carried by the beam. Note that we

neglect the small loss of energy due to plasma creation in

air, since we measured in previous work12 that it is limited to

�1%, in agreement with recent numerical predictions20,21 in

such sharp focusing conditions. In fact, the numerical fitting

of the beam enables to evaluate the peak fluence value (used

to calibrate Fig. 1), which is an essential data to know for

predicting the crater diameter.

For illustrative purposes, we focus now on the case

E¼ 30.2 lJ. Figure 3 shows an excellent agreement between

the experimental beam profile on the sample and the numerical

fit obtained from Eq. (2), corresponding to the superposition of

a Gaussian function (n¼ 1) and two SG functions (n¼ 3 and 4).

The retrieved fitting parameters fully agree with Ref. 17: we

obtain w1 ¼ 14 lm, w3 ¼ 31 lm, and w4 ¼ 33 lm; and

a1 ¼ 0:35, a3 ¼ 0:60 , and a4 ¼ 0:05, thus providing quanti-

tative measurements of the respective dimensions and ratios

of energy contained in the reservoir and in the main peak.

FIG. 3. Beam profile at the linear focus (i.e., at the surface of the sample)

for three incident energies. Every profile is fitted by the equation F rð Þ
¼
P

n Eanð 21=nn
pw2

nC 1=nð ÞÞexp½�2 r
wn

� �2n�, where the order n, the radius wn at 1/e2,

and the weighting coefficient an are free parameters of the numerical fit for a

given energy E. The threshold fluence Fth is also indicated, therefore,

enabling to predict the crater diameter.

TABLE I. Linking beam and crater data. Dz is the shift of location of the nonlinear focus prior the sample surface, wair
0 is the corresponding radius associated

to peak fluence Fmax
0 , whereas wair

sample and Fsample
0 are real values at the sample surface. For the case E¼ 30.2 lJ, the three values indicated refer, respectively,

to Gaussian (n¼ 1) and two SuperGaussian (n¼ 3 and n¼ 4) functions. Dpredicted is the beam diameter at local fluence equal to Fth, to be compared to Dmeasured

(averaged over 10 craters).

Energy (lJ) Dz (lm) wair
0 (lm) wair

sample (lm) Fmax
0 (J cm�2) Fsample

0 (J cm�2) Dpredicted (lm) Dmeasured (lm)

1.2 0 11.0 11.0 0.8 0.8 No crater No crater

7.3 0 11.0 11.0 3.8 3.8 13.4 13.5 6 0.9

10.5 �250 8.1 12.5 9 4.3 16.0 16.8 6 1a

30.2 �700 7.1 14 /31/33 36 5 30.7 30.5 6 1.2a

aMeasured at E¼ 9.7 6 0.5 lJ and 29.2 6 1.4 lJ, respectively.
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Finally, and thanks to the normalization factor in Eq. (2)

issued from the fits for every case of energy investigated, the

peak fluence gets calibrated and therefore so does the local

fluence function FðrÞ for every location z along propagation.

Two important values are the peak fluence Fmax
0 attained at the

nonlinear focus during propagation, and the real peak fluence

at the sample surface Fsample
0 . These values are also reported

in Table I for three energy cases illustrating the three regimes

identified. Now, considering our whole set of experimental

data, Figure 4 plots the real peak fluence at the sample surface

Fsample
0 upon increase of incident energy. It reveals the appear-

ance of a limitation of the fluence “seen” by the sample sur-

face, starting from the energy Eair
NL and followed by a complete

saturation for E > Eair
ioniz: (around Fsample

0 � 5 J=cm2 in our

experimental conditions). Therefore, for incident energy

above Eair
ioniz: the real fluence delivered on the target is strongly

reduced compared to the fluence F0 ¼ 2E=pw2
0 calculated

without nonlinear effects in air (i.e., considering that the beam

is still Gaussian-shaped with w0 size), therefore markedly

modifying the ablation result that could be expected. We want

to stress this particular point, since omitting to take it into

account would yield strong misleading information when

interpreting ablation experiments with few-cycle pulses in air.

Nevertheless, even if the beam is distorted (high energy

case), the crater quality is maintained as shown by confocal

microscopy (see 1D-profiles in Fig. 2). Surprisingly, high

quality ablation with strongly distorted beams is therefore

still possible. Moreover, thanks to the accurate beam charac-

terization and proper fluence calibration, the crater diameter

can even be predicted. Indeed, as we know the threshold

peak fluence Fth, it is straightforward to extract the beam

diameter at local fluence equal to Fth (see Figure 3). As illus-

trated in Table I, the matching with measured crater diame-

ters is excellent.

We also point out that at high energy, the beam under-

goes spectral and temporal distortions, as it was measured in

Ref. 12, leading, respectively, to enlargement and blue shift

of the spectrum (due to air ionization) and a slight reduction

of the pulse duration taking place in the central zone of the

beam. However, spectral and temporal reshaping of the

beam does not impede the prediction of the ablated crater

based on the calibration of the fluence as well as its regular-

ity and overall quality as shown in Fig. 2.

In conclusion, we have investigated if working in air

may hamper surface ablation of dielectric materials by a

tightly focused few-cycle pulse. We analyzed the transition

from linear– to nonlinear– focusing regimes, including air

ionization, therefore identifying three working ranges limited

by Eair
NL and Eair

ioniz:. The first important conclusion is that a flu-

ence range exists (Fth < F < 2:3Fth) for which propagation

is free of any nonlinear effects, thus permitting to benefit

from the advantages of few-cycle pulses for ablation.

Second, upon increase of energy, we demonstrated by accu-

rate characterization and proper calibration of 3D fluence

distribution that the actual fluence delivered on the target

surface is strongly limited, due to severe reshaping of the

beam (including filamentation). Nevertheless, high-quality

and fully predictable ablation is still reached. This work

therefore provides useful information to the laser user

(including also the possibility to translate the sample at the

nonlinear focus location) to extend the capabilities of few-

cycle pulses in a large range of operating fluence, far beyond

the natural limit imposed by air ambiance.
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0 as a function of inci-

dent pulse energy. The solid curve is the fluence F0 ¼ 2E=pw2
0 calculated

with the parameters defined at low energy without nonlinear effects in air.
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