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We introduce a technique to measure fluence distributions
in femtosecond laser beams with peak intensity of up to
several hundred terawatts per square centimeter. Our ap-
proach is based on the dependence of single-shot laser abla-
tion threshold for gold on the angle of incidence of the laser
beam on the gold sample. We apply this technique to the
profiling of fluence distributions in femtosecond laser fila-
ments at a wavelength of 800 nm in air. The peak intensity
is found to be clamped at a level that depends on the ex-
ternal beam focusing. The limiting value of the peak inten-
sity attainable in long-range 800 nm air filaments, under
very loose focusing conditions (f-number above ~500),
is about 55 TW/ecm?.  © 2016 Optical Society of America

OCIS codes: (140.3330) Laser damage; (140.3295) Laser beam
characterization; (010.1300) Atmospheric propagation; (190.5940)
Self-action effects.
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The conventional approach to the absolute measurement of a
fluence distribution in an intense laser beam is based on the
reduction of the beam power, by a large fraction, through one
or several consecutive reflections of the beam off an uncoated
dielectric surface. Then the fluence distribution in the original
beam can be obtained by multiplying the fluence distribution
in the low-power replica beam by the known power-reduction
factor. This simple approach becomes impractical once the peak
fluence of the laser beam exceeds the ablation threshold fluence
for the sampling surface, which, in the case of femtosecond
and picosecond laser pulses at near-infrared laser wavelengths,
is of the order of one Joule per square centimeter for common
dielectric surfaces illuminated at normal incidence [1].

In a recent article [2], we quantified the dependence of
the threshold fluence for single-shot laser ablation, on the angle
of incidence (AOI) of the laser beam on the sample. Those ex-
periments were conducted with three types of common optical
materials: a metal (gold), a dielectric (soda-lime glass), and a
semiconductor (silicon).

The ablation threshold fluence versus the AOI of the
laser beam for a gold surface ablated with an S-polarized
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femtosecond laser beam is shown in Fig. 1. The parameters
of the laser pulse are specified in the figure caption. The exper-
imental procedure used to obtain these data is discussed in de-
tail in [2]. Note that the data shown in Fig. 1 are for the peak
threshold fluence. Some researchers choose to specify threshold
fluence averaged over the cross-section of the beam [3]. For a
Gaussian beam profile, the average fluence equals one half of
the peak fluence. Also note that in the case shown, the ablation
threshold fluence grows with the AOI, about twice as fast as
the simple law o 1/ cos (AOI), which would be expected from
the argument based on the spreading of the laser energy over a
larger surface of the sample, as the AOI is increased. As dis-
cussed in [2], the growth of the threshold fluence with AOI is
such that the laser fluence transmitted into the material, at the
point of ablation threshold, remains constant, independent of
the AOI. Here, we utilize the dependence of the ablation
threshold fluence on the AOI for profiling intense femtosecond
laser beams propagating in air in the filamentation regime.
In femtosecond laser filamentation in air [4,5], the self-
focusing of the intense laser beam with peak power on the order
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Fig. 1. Data for the single-shot ablation threshold fluence for a gold
surface in air, at different AOIs of the S-polarized laser beam on the
sample [2]. The incident laser pulse at 800 nm center wavelength has

60 fs FWHM duration.
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of 10 GW and above, drives a transverse beam collapse on
propagation. The collapse is stopped and dynamically counter-
balanced by air ionization and the associated nonlinear absorp-
tion and de-focusing. This dynamic balance limits (or clamps)
the value of the peak laser intensity attainable in laser filaments.
Knowing the absolute value of the clamping intensity is impor-
tant for understanding and quantifying the physical mechanisms
involved in various phenomena that accompany laser filamen-
tation, such as supercontinuum generation [6], strong-field
ionization [7], THz generation [8], and air lasing [9].

Numerical values for the peak intensity in femtosecond
laser filaments in air that have been reported over the years
range from 30 TW/cm? to about 150 TW/cm? [10-15].
Laser pulses at 800 nm center wavelength and durations in the
range from 30 to 200 fs have been used in most of the prior
studies. The variability of the reported values for the peak
intensity is due to the differences in both the experimental
conditions and the measurement techniques used in the above-
cited works.

In our experiments, we generate laser filaments by focusing a
laser beam at a wavelength of 800 nm in the laboratory air with
a spherical mirror telescope. The effective focal length of the
telescope is adjustable so that the ratio of the focal length to
the input beam diameter (f-number) can be varied from 80
(“tight” focusing) to 1600 (“loose” focusing). The duration
of the incident laser pulse is 47 fs, the maximum pulse energy
is 2.5 mJ, and the pulse repetition rate is 10 Hz. The transverse
profile of the laser beam at the output from the laser is very
close to a Gaussian. Under all experimental conditions that
we use, a single filament is formed within the transverse beam
profile. The absence of multi-filamentation is evident from the
appearance of the single-shot ablation craters produced by the
filament on a gold-coated silicon wafer.

In order to measure the optical fluence profile in the femrto-
second filament, we produce single-shot ablations by the fila-
ment on a gold surface at different AOIs. Our sample is a
1000 A—thick gold layer deposited onto a silicon wafer, which
is the same type of sample that we used to collect the data
shown in Fig. 1. The duration of the laser pulse used to collect
that data was approximately 10 fs different from what we use in
the experiments on filament profiling reported here. That
difference does not affect our measurements, as the ablation
threshold fluence is weakly dependent on pulse duration for
pulses shorter than about 1 ps [1]. The sample is mounted
on a manual rotation stage, allowing the AOI of the filament
beam on the surface of the sample to be varied. The practical
range of the AOI is from 0° (normal incidence) to about 75°.
The polarization of the laser beam is perpendicular to the plane
of incidence (S-polarization). The manual rotation stage, with
the sample attached to it, is mounted on a motorized linear
translation stage, which enables ablation in the single-shot re-
gime. The resulting single-shot ablation craters produced by the
filament, at a particular position along the beam-propagation
path, are subsequently inspected with a microscope. At each
particular value of the AOI, the boundary of the ablation crater
marks the line-out of the fluence profile of the laser beam, at the
fluence level equal to the ablation threshold fluence corre-
sponding to that AOI. The fact that the incident laser fluence
on the beam axis can significantly exceed the ablation threshold
fluence, resulting in the onset of thermal effects in ablation
[16], is of no importance here, because we are only interested
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in the appearance of the boundary of the ablation crater, where
fluence is exactly at the level of the single-shot ablation thresh-
old. In the case of a single air filament, the fluence profile is very
close to axial symmetry, but the above mapping procedure can
be applied to beams with arbitrarily shaped cross-sections.

By definition, we introduce a quantity equal to the ratio of
fluence to the initial FWHM duration of the laser pulse and
multiplied by a factor of 0.94. So defined, peak intensity is
a function of propagation distance and the transverse coordi-
nates within the beam profile. It is representative of the peak
optical intensity in the filament, provided that the temporal
shape and FWHM duration of the assumed to be Gaussian
laser pulse do not appreciably change on the nonlinear propa-
gation in air. The latter assumption has been supported by
numerical simulations [17-19], with the exception of the ultra-
fast sub-cycle temporal spikes that have been shown to form on
the trailing edge of the pulse; those temporal spikes carry only a
very small fraction of the total beam power [20].

We point out that our experimental procedure only rigor-
ously maps the distribution of fluence, not intensity. The cor-
responding distribution of intensity, derived from the measured
distribution of fluence according to the above definition, is
only an approximation, as we do not account for the complex
temporal reshaping of the laser pulse on propagation. At the
same time, the fluence mapping will be accurate even in the
case of strong temporal reshaping of the laser pulse, because
ablation threshold fluence is weakly dependent on pulse dura-
tion, as long as the pulse remains sub-picosecond [1].

With the following data, we show the peak intensity defined
according to the above postulative definition, in which the aver-
age intensity equals fluence divided by the constant input
FWHM pulse duration and multiplied by 0.94.

In Fig. 2, we show data for the peak intensity on the beam
axis, as a function of the propagation distance, for the case
when a 2 m], 47 fs laser pulse with 6 mm input beam diameter
is focused by a spherical mirror telescope with an effective focal
length of 3.7 m. These focusing conditions correspond to the
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Fig. 2. Data for the peak intensity, versus propagation distance, for
the air filament produced by a 2 m], 47 fs laser pulse at 800 nm. The
laser beam is weakly externally focused by a spherical mirror telescope
with the f-number £, = 616. The solid line shows a calculated value
of the peak intensity for linear propagation of the beam, with the maxi-
mum at the position of the linear focus of the mirror telescope.
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effective f-number of f, = 616. The peak intensity was de-
termined by producing a single-shot ablation on a gold surface
at the AOI that was gradually increased to the point when abla-
tion was no longer observed. At that point, the peak fluence
on the axis of the filament was equal to the ablation threshold
fluence for gold at that AOI. The experimental errors shown are
due to the £0.1° accuracy of the manual rotation stage and
the associated uncertainty of the value of the AOI of the laser
filament on the gold sample. From the measured data, two
focusing-defocusing cycles are evident, with the maximum in-
tensity clamped at about 60 TW /cm? in both cycles. The cal-
culated peak intensity for the case of linear propagation, under
the same focusing conditions, is shown with a solid line.

Experimental data obtained under different focusing condi-
tions show the same trend: the peak intensity on the beam axis
undergoes consecutive focusing-defocusing cycles along the
propagation direction, while the maximum intensity in each
cycle is limited (clamped) at the certain level, which is specific
to the particular linear focusing conditions used. These conclu-
sions are consistent with the earlier reports [21,22].

In Fig. 3, we show data for the transverse intensity profile in
the laser filament, at the propagation distance where the peak
fluence reaches a maximum (the position of the first self-
focusing collapse). The three profiles shown correspond to
three different values of the input pulse energy, as indicated
in the figure legend. The f-number of the external linear
focusing system equals 616 in all three cases. Note that depend-
ing on the pulse energy, the self-focusing collapse occurs at dif-
ferent positions along the propagation path. Specifically, the
collapse points corresponding to the input pulse energies of
1.5 mJ, 2.0 mJ, and 2.5 mJ are 3.045 m, 2.720 m, and
2.445 m, respectively.

It is evident from the data that, as the input pulse energy is
increased, the peak intensity on the axis of the filament remains
relatively unchanged, supporting the familiar intensity clamp-
ing concept. At the same time, the filament blooms, and the
diameter of the filament grows by about 20%, corresponding to
the increase of the cross-sectional area by about 44%, as the
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Fig. 3. Dara for intensity profiles in femtosecond laser filaments in
air, for the case of external beam focusing with f-number f, = 616,
at different values of the laser pulse energy. The beam profiles are mea-
sured at the longitudinal position where the peak fluence reaches a
maximum (the position of the self-focusing collapse).
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laser pulse energy increases from 1.5 mJ to 2.5 mJ (which is
about a 67% increase). These observations contradict the
prevalent notion that the core of the filament that results from
a self-similar, self-focusing beam collapse always carries one
critical power [23]. The black solid line shows, for the case
of input pulse energy of 2.5 mJ, the result of a calculation that
partitions the total beam energy into two parts: the filament
core, with the peak intensity and the FWHM beam size derived
from the measurement data, and the remaining part that is lin-
early focused by the telescope system with a given input beam
diameter and f-number.

In Fig. 4, we show the experimental data for the maximum
on-axis intensity along the propagation direction versus
f-number of the external focusing telescope system. As in
Fig. 2, the experimental errors are due to the £0.1° accuracy
of the manual rotation stage. The maximum intensity attain-
able in the filament strongly depends on the external focusing
conditions. For the case of very weak focusing, which corre-
sponds to the values of the f-number above ~500, the maxi-
mum intensity saturates at the level of 55 TW /cm?. This
intensity level is representative of what can be achieved in the
long-range femtosecond laser filaments at a wavelength of
800 nm in air. The corresponding values calculated for the case
of linear focusing of a 2 mJ, 47 fs-long laser pulse are shown
with a dark solid line. Under these conditions, the maximum
intensity attainable through linear focusing in a vacuum equals
that in the femtosecond filament in air, for the f-number of the
external focusing system of about 375.

In summary, we have applied the dependence of ablation
threshold fluence on the AOI of the laser beam on a gold
surface, to profile fluence distributions in femtosecond laser
filaments in air. In agreement with the previously published
works, we found that the maximum fluence attainable in fem-
tosecond air filaments is clamped, independently of the input
pulse energy, at the level that strongly depends on the condi-
tions of external linear focusing. Under the assumption of weak
temporal reshaping of the laser pulse on propagation, the value
for the clamping intensity in long-range laser filaments at
800 nm, derived from our measurements of fluence, is about

55 TW /cm?.
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Fig. 4. Data for the maximum on-axis intensity along the propaga-
tion path, as a function of the f-number of the linear focusing optic.
The results of a calculation of the peak intensity for a 2 mJ, 47 fs pulse
are shown with a solid line.
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