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ABSTRACT

The monitoring of the acoustic amplitude of an air breakdown at the focus of the femtosecond laser pulse was used to determine

the pulse duration using a computer microphone. Pulse duration was tuned using the chirp settings of a femtosecond laser and

measured by an autocorrelator before the focusing optics, where the ~241 fs pulses were compressed down to ~50 fs (n?-Photonics

compression unit). The amplitude of the acoustic signal scaled with the pulse duration ¢, as o 1/ \/E in the range from 50 fs to

2 ps. The acoustic signal showed « Ef,/ : dependence on the pulse energy E,, which was the same for the shortest (50 fs) and

longer (250 fs) pulses widely used in laser machining and 3D nano/microprinting. This scaling is consistent with the electron-

ion scattering defined by the electron temperature in the air breakdown plasma Tf/ ?. The demonstrated principle that the sound

of air breakdown can be used to measure the pulse duration (50 fs—5 ps) is promising for femtosecond laser pulses at different

wavelengths, where second-harmonic autocorrelators are not available.

1 | Introduction

Measurement of the duration of ultra-short pulses is based
on the second harmonic generation (SHG), for example, by
intensity autocorrelation or frequency-resolved optical gating
(FROG), which retrieves phase and amplitude of the spectral
components required for the determination of the temporal
pulse length [1-4]. Measuring the pulse duration of shorter
wavelength pulses presents obvious challenges due to the lack of
efficient SHG media and detectors, especially when the doubled
frequency pulses fall into the ultraviolet (UV) spectral range.
Knowledge of the precise pulse duration is indispensable for
ablation research and the determination of the ablation pressure
P, [5], material removal rates [6-8], the relative contribution
of ablation versus melting or amorphization rates [9-11], and

the understanding of fs-laser-induced phase transitions [12-
15], for example, formations of diaphite nano-diamonds and
graphitization inside diamond [16, 17]. All key characteristics
of light-matter interaction and energy deposition are related
to the laser pulse intensity, and hence depend on the pulse
duration ¢, [18, 19]. Since the duration of femtosecond pulses
directly governs peak intensity, ablation thresholds, and ultrafast
phase transitions, it is a decisive parameter for controlling the
formation of sub-microscopic structures during laser machining
and nano/micro-printing [20].

Using sub-100 fs pulses is especially interesting for novel
structuring contexts. For example, shifting to ultrashort pulse
durations, such as 30 fs, fundamentally transitions the laser—
matter interaction from a thermal (stochastic) regime to a
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non-thermal (deterministic) regime, enabling ablation without
the formation of Heat Affected Zones (HAZ). This precise energy
deposition preserves the material’s original phase, as seen in
diamond processing, where, specifically 30 fs, pulses maintain
the sp? crystal structure and achieve ultra-high precision surface
roughness (R, < 0.1 wm) impossible with longer pulses [21].
In nanostructuring of metals like zinc, shorter pulses favor
Coulomb explosion over melting, allowing for the growth of
distinct, fine-scale nanostructures that lose definition and merge
at longer durations [22]. Also, in the same context, the higher
peak intensities associated with shorter pulses generate immense
localized shock pressures—calculated at nearly 800 GPa for
30 fs pulses compared to roughly 60 GPa for 550 fs pulses—
which significantly enhances surface hardness [22]. Finally,
in transparent materials like fused silica, reducing the pulse
duration enlarges the favorable parametric window for writing
complex internal features, such as nanoplanes, by stabilizing the
threshold difference between desired modification and collateral
damage [23]. This is well understood and appreciated in the laser
fabrication community that, with shortening pulses, the physical
and technological modes of interaction become more favorable
for achieving micro- to nano-scale features, and followed by new
induced properties.

The use of such radiation is often facilitated by focusing. Any
energy deposition in the focal volume by definition generates
pressure, that is, 1 J/m® = 1 N/m? = 1 Pa. This fundamental
principle underlies photoacoustics, which has become a widely
used technology across various fields, including communica-
tions and biomedical tomography [24-27]. Laser ablation and
machining of the surface or within the bulk of a material can
be characterized by the resulting pressure and, consequently,
sound generation [28-30], which is used to control and monitor
laser machining [31]. Early studies of high-intensity ablation [32-
34] have shown that hot electrons have the major contribution
to ablation pressure P, = 93t;1/ A= fn°O109 2952 as com-
pared to thermal electron-driven ablation P,, « (nI;)*?, where
I, (PW/cm?) is the laser pulse intensity, 7 is the absorption
ratio, A; (um) is the laser wavelength, f; ~ 0.5 is the energy
loss factor due to fast ions, and ¢, (ns) is the pulse duration.
The experimental determination of the ablation pressure was
based on momentum conservation between the ablation plasma
and the target mass m (neglecting the ablated ion mass) on

a pendulum of length I: P, = %\/%Xa, where X, is the arc
p

length of the quarter period, g is the gravitational constant, and
S is the area of energy deposition [32]. It was demonstrated that
the mechanical coupling coefficient C,, = P,,/I;, determined
experimentally, follows within a factor of two the same scaling
versus I L/l\/g over a range of seven orders of magnitude for
pulse duration from ms-to-ns [35]. This trend is based on the
electron density n, scaling as o I, /(I L/I\/ﬁ)y 4 [35]. The ablation
pressure is important in the laser peening of metals to improve
their mechanical and anticorrosive properties [36], and requires
precise knowledge of the energy deposition per area and pulse
duration, as well as the deposition volume for transparent
materials and phase transitions.

For ultra-short sub-1 ps laser pulses at high intensities, tunneling
and multi-photon ionization become prevalent mechanisms in
fast electron removal from the irradiated surface. Under such con-

ditions, the ablation threshold, which is the removal of ions, can
be reduced as less energy is required to disintegrate the material
surface. Indeed, the ablation threshold is proportional to the sum
of the ionization potential J; (dielectrics) or the electron work
function w, (metals) and the binding energy ¢, (enthalpy of vapor-
ization) [37]. Once high-energy electrons are removed from the
surface of the material (exceeding J; or w,), the charged surface
disintegrates at a smaller energy per atom than €, ; that is, ablation
is facilitated by the Coulomb explosion [38]. The reduction of the
ablation threshold was experimentally determined for dielectrics
for sub-10 fs pulses [39] where Coulomb explosion is more proba-
ble. For metals, the reduction of the ablation threshold was not
unambiguously confirmed. Wavelength independence in abla-
tion of dielectrics is another trait for ultra-short laser pulses [40].

A broad field of photoacoustics, where localized heating or
even ablation is applied, can benefit from control of pulse
duration. One notable application is light-induced breakdown
spectroscopy (LIBS) [41], in which plasma formation by high-
intensity pulsed lasers has been developed into a spectroscopic
technique. Such methods can benefit from acoustic monitoring of
energy deposition [42] and have even been tested under Martian
exploration conditions [43]. The field of photoacoustics, which
originated in 1880, has since evolved into a major biomedical
imaging technique [44]. Beyond applied photoacoustics, acoustic
analysis is also useful as a probe of ultrafast energy deposition
and plasma dynamics. Real-time in situ acoustic monitoring has
been used to study microplasma formation and filamentation
in tightly focused femtosecond irradiation of silica glass [45],
while in tightly focused air breakdown, shockwave-induced
density gradients were shown to affect secondary THz and X-ray
emission [46]. Acoustic characterization of laser filamentation in
air has revealed a two-photon Raman excitation mechanism [47],
while shock-wave generation in air [48] and from ablated metal
surfaces [49] has been investigated using laser beam deflection.
Acoustic emissions from air breakdown are higher for nanosec-
ond than for picosecond pulses, indicating a greater conversion
efficiency of optical to mechanical (acoustic) energy [50], a trend
also observed in water [51]. Cylindrical shock waves generated
by femtosecond laser pulses can be visualized in supersaturated
vapor through induced precipitation, as recently demonstrated
in 3D optical cloud displays [52]. Acoustic signatures of such
shock waves can reveal details of laser-matter interactions during
the early energy deposition and shock—cavitation stages. Indeed,
acoustic monitoring protocols are already established in laser
machining [53].

Here, an acoustic method for determining pulse duration is intro-
duced, based on the acoustic detection of air breakdown using
a computer USB microphone. We implemented a multi-pass
pulse compressor (n?-Photonics) which is capable of compressing
pulses down to 50 fs with one unit and down to 10 fs with two
units, provided the broad spectrum of the initial pulse; we used
only one stage of compression, down to ~50 fs in this study.

2 | Experimental

The schematics of the experiment are shown in Figure 1. Fs-
laser pulses of the shortest ¢, = 241 fs duration (at the objective

20f11

Laser & Photonics Reviews, 2026

95U9017 SUOLULLIOD AIERID 3|qedl|dde au Aq pausenob are sopie O ‘8sn JO SajnJ 10} Aleid 1 aUljUQ AS]i/ UO (SUONIPLOD-pUe-SWB)/W00 A9 |1 Alelq 1 BuluD//SANY) SUORIPUOD PUe SWiB | 8y} 89S *[920z/90/92] Uo ArigiTauliuo As|im ‘AisieAun sniujiA Ag 20000920z 10d|/200T 0T/1op/wod A3 Arelq1uluo//sdny Wolj pepeojumod ‘0 ‘6688898T



(a)

Laser @4 kHz 50 fs n2-Photonics Motorised
compression unit filter

o S X (,..
Pulse duration: _

1. Autocorrelator ;
2. Spectrometer

1030 nm/241 fs

~30 kV/cm

Air breakdown

(b)

Microscope; aspherical lens

JS r=2.1um Calibration of microphone

Buzzer @ 4 kHz mic
i-' 10cm D
Power supply

J Power meter

FIGURE 1 | Acoustic monitoring of air breakdown. (a) A pulse compression unit (n?>-Photonics) was used to shorten pulse duration from 241 to

50 fs. The acoustic amplitude of air breakdown was recorded at the 4 kHz laser repetition rate and analyzed via the repetition-frequency component and

its harmonics. (b) The microphone was calibrated using a buzzer/transducer.

lens) were chirp-controlled by laser settings to provide pulse
durations in a wide range of 0.25-2 ps. The fs-laser output was
guided through the multipass cell pulse compression unit (model
MIKS1_S, n?-Photonics GmbH). The output was monitored using
a spectrometer and steered into the laser machining setup
by reflective optical elements. Laser pulses focused with an
aspheric lens (NA = 0.3) produced a spark in the air under the
breakdown conditions ~30 kV/cm. Because filamentary laser-
plasma sources in air are spatially extended and their detected
acoustic waveform evolves with propagation distance, the present
experiments used tight focusing and a fixed 1 cm microphone
distance so that the source could be treated approximately as
localized to the focal volume [57]. If the entire maximum incident
pulse energy of 50 uJ (up to the maximum used) is conservatively
assumed to be absorbed in air, then the maximum radius of the
shock-compressed region can be estimated as [58]

36, \'/*
rsh,max = 47Tp0 s

where E), is the deposited (absorbed) pulse energy and p, is the
ambient static air pressure. For E, = 50 pJ and p, = 1 bar, this
gives

Tshmax ~ 490 pm.

Since the microphone was placed 1 cm from the focal volume, the
detector distance exceeds this conservative upper-bound shock-
transition scale by more than an order of magnitude. Therefore,
the recorded signal is interpreted as the propagated acoustic
response rather than the near-field shock profile, and resolving
the temporal structure of the initial shockwave is not required for
the relative amplitude-based monitoring used here.

A detachable computer microphone (GXT 210 Gaming USB
Microphone, Trust International B.V.) was used for the acoustic
monitoring of the signal amplitude (a computer readout of the
amplitude was used, and the response dependence was tested
with a calibrated buzzer; see Section Al.3). An autocorrelator
(Geco, Light Conversion) was set before the focusing optics, as
shown in Figure 1la, to measure the pulse duration directly at
the relevant pulse energy while avoiding detector damage; it
was verified that pulse propagation through the aspheric lens
leads to insignificant elongation of the compressed pulse via
the spectrum. The pulse energy was measured before and after
the objective lens to account for its transmittance. During mea-
surements after the objective lens, however, measurements were
carried out without and with plasma present. The power meter

was temporarily inserted beyond the focal plane to determine
the incident pulse energy delivered to the focal volume, and was
removed from the beam path during acoustic measurements. In
this way, the reported pulse energies correspond to the energy
incident at focus under the experimental conditions used for
sound detection. Even under breakdown conditions, the gener-
ated plasma in air remains strongly under-dense with respect to
the critical plasma density at 1030 nm (7, . ~ 1 x 10! cm™).
For the maximum pulse energies used in this study (<50 uJ,
focused by NA = 0.3 lens), the plasma density is in the range of
10'7-10" cm~3, which corresponds to less than 0.1 % absorption
at the fundamental wavelength. Hence, plasma absorption is
negligible compared with the shot-to-shot fluctuations, and does
not influence the reported scaling of the acoustic signal.

Figure 2a shows a photograph of the actual setup. Acoustic
monitoring was carried out using the mobile phone app phyphox
[54-56]; the inset shows the peak acoustic signal at ~4 kHz, which
is the peak sensitivity of the microphone and was used for setting
the laser repetition rate. For calibration of the microphone, a
piezoelectric buzzer (PK-12N40PE-TQ, Hitpoint Inc.) was placed
10 cm away from the microphone and driven at a fixed voltage
of 10 V using a power supply unit (Figure 1b). Under these
conditions, the amplitude of a sound wave is related to the sound
pressure of L, = 80 dB; here L, = 20log,,[p/p,], with p (Pa)
being the root mean square (RMS) sound pressure and p, =
20 pPa is the threshold of human hearing. Hence, an amplitude
of 100 dB corresponds to a sound pressure of 2 kPa.

3 | Results

The ionization of air depends on the electrical field strength, that
is, the intensity of the laser pulse. For the same pulse energy E,,
a shorter laser pulse duration ¢, results in a higher peak intensity
I, = 2E,/(t,S,), where E, is the pulse energy, S, is the focal spot
area. The factor of 2 links the average energy (or fluence) with the
peak amplitude, considering a Gaussian-like intensity envelope,
which is an approximation that is more critical for the ultra-short
laser pulses. The air breakdown at the field strength of ~30 kV/cm
in air (room conditions) can be used to measure the pulse
intensity using an acoustic transducer, as was shown for lens-
focused (focal length f = 100 mm) 800 nm/50 fs pulse filaments
in air [46]. In this study, tighter focusing was used to avoid
filamentation, which introduces ambiguity in the spatial position
of the sound source when the acoustic sensor (microphone) has
a detection surface with a cross section comparable to (or smaller
than) the length of the filament [59, 60].
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FIGURE 2 | (a)Experimental setup: the objective lens (NA = 0.3) with a microphone placed at a 1 cm distance from the focus. The inset on the left

shows the Fourier transform spectrum of the air breakdown at 4 kHz laser repetition rate acquired using the Audio Spectrum function in the phyphox
phone app, available for Android and iOS, www.phyphox.org [54-56]. (b) The acoustic amplitude (microphone’s output) as a function of pulse duration.
The pulse duration of the fs-laser (Carbide) was measured using a scanning autocorrelator (Geco, Light Conversion), after the pulse had passed through

the compression unit (n?-Photonics; as shown in the inset).

3.1 | Spark-Acoustics for Measurements of Pulse
Duration

The fs-laser pulse duration was set using the positive and negative
chirp with the laser (Carbide) compressor via software controls.
Then, the ultrashort pulse from the fs laser passes through the
pulse compression unit (n?>-Photonics) and is focused in air with
an objective lens. The acoustic signature of air breakdown at the
focus is measured using a microphone placed 1 cm from the spark.
The pulsed beam autocorrelation functions were measured before
the focusing optics, and the beam spectrum was measured before
and after the focusing optics to confirm there was no detectable
change in the spectrum. All measurements were collected to be
referenceable with the acoustic signal.

Figure 2b shows the result of the acoustic signal in arbitrary units
(see details of calibration below in Section 3.2) versus the pulse
duration for the positive and negative chirp settings. The laser
operated at a 4 kHz repetition rate, and the recorded acoustic
signal exhibited a clear component at the repetition frequency
together with its harmonics, which were used for analysis (see
inset on the left in Figure 2a). The shortest pulse duration
of t,~52.5 fs was achieved before the objective lens using
the pulse compression unit. For the longer pulses (chirped by
Carbide’s compressor), the acoustic amplitude (sound pressure)
was slightly higher for the negatively chirped pulses compared
to those obtained by a positive chirp (arrow in Figure 2b). This is
consistent with a stronger contribution of multiphoton ionization
at the shorter wavelengths at the incoming front of the laser
pulse (the negative chirp). Then, avalanche ionization is favored
at longer wavelengths (trailing end of the pulse) as « A2 when the
free charge carriers are already created by multiphoton ionization
at the blue-wavelength front of the pulse [37].

Spectral monitoring of the output of the pulse compression
unit (n?-Photonics) was carried out to measure the spectrum
of the compressed pulses, which were chirp-controlled by the
laser setting (Figure 3a). For illustration, a couple of spectra
for the positive and negative chirp settings (Carbide) are shown

along with the spectral bandwidth-limited output of the fs-
laser (Carbide) before compression at the n?-Photonics pulse
compression unit with the nominal 241 fs pulse duration. The
broadest spectra corresponded to the ~50 fs pulse measured
before the objective lens.

Figure 3b shows the acoustic signal measured with the micro-
phone for the positive chirp branch (Figure 2b) on a log-log
scale. The slope of acoustic amplitude, which is the sound
pressure, was decreasing with pulse duration as ~1/ \/E . Thus,
Figure 3b serves as the setup-specific calibration characteristic
of the method: once the acoustic amplitude is referenced to
independently measured pulse durations in a fixed geometry,
subsequent changes in the acoustic signal can be interpreted as
corresponding changes in pulse duration within that calibrated
regime. These measurements were carried out 1 cm from the
spark at a 4 kHz laser repetition rate. This scaling hints at the
diffusion-related mechanism in the generation of an acoustical
signal, that is, the sound pressure wave. The initial shock wave
converts to a sound (pressure) wave at the distance r, when
the internal energy in the volume inside the shock front is
comparable to the absorbed pulse energy E,;, [61], where, for air,
the bulk modulus B = 101 kPa (isothermal; 142 kPa for isentropic)
isused, gnr;”B = E_,- Even for the overestimated 20% absorbance
at the maximum E,,,, = 40 nJ, the shock propagates only r; ~
v/0.2E,,,,../(4B) ~ 0.27 mm, which is much smaller than the
spark-to-microphone distance of 1 cm. When the distance to the
microphone is much smaller, and pulse energies are higher, a
more complex shock wave propagation has to be considered [62];
however, it was not required for this study.

3.2 | Calibration: Pulse Intensity to Sound
Pressure

The audio signature of the fs-pulse-induced breakdown in air
is analyzed using the Fast Fourier Transform (FFT) of the
microphone output (amplitude). Figure 4a shows the audio
spectrum taken by a mobile phone with a clear presence of up to
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FIGURE 3 | (a) Spectra of compressed fs-laser (Carbide) pulses at the output of n>-Photonics single stage pulse compression unit MIKSI_S at
different chirp-settings of fs-laser (AvaSpec 3648 fiber optic spectrometer). As a reference, the spectrum of 241 fs reference measured at the laser output
port is shown. The inset shows a screenshot of the n?-Photonics compression unit alignment, where multiple reflection sites at fixed spatial positions
inside a multipass cell for spectral pulse broadening are made with external beam steering. (b) The amplitude of the acoustic signal as a function of pulse
duration measured at the focal region follows « 1/ \/5 dependence.
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FIGURE 4 | Analysisofaudio signal from laser-induced spark. (a) Audio for the shortest pulse recorded on a mobile phone app (phyphox) at ~10 cm
from the spark, where the pulse duration was the shortest ~50 fs. The star-markers (*) show the fundamental and higher harmonics. (b) Amplitude of the
FFT spectrum (presented in log-log scale) of the microphone signal placed 1 cm from the spark. The inset shows a linear scale of the FFT spectrum. (c)
Automated recording of the acoustic signal (a raw time-dependent amplitude of all harmonics) when a neutral density filter was rotated by a motorized

stage; the transient was measured for the shortest pulse.

four harmonics of the laser driving frequency at 4 kHz. The FFT of
the microphone output when the microphone is at 1 cm distance
away from the spark is shown in Figure 4b. Then, the amplitude of
the fundamental frequency of 4 kHz and its harmonics (with the
bandwidth window of +0.1 kHz) was selected for the calibration.
The microphone sensitivity is favorable in this frequency range
(inset in Figure 2a). The amplitude of higher harmonics (2nd-to-
5th) was decaying as 1/f2, where f is the frequency of sound.
For the intensity calibration of sound amplitude, a neutral density
filter was used at the selected pulse duration (Figure 4c). The
acoustic amplitude was recorded at different intensities as the
filter was rotated for different pulse durations set with laser
pulse pre-chirping (Figure 5a). The averaged acoustic signal as a
function of pulse energy is shown in Figure 5b. Clear scaling of the
acoustic amplitude with pulse energy is obtained for the different
pulse durations: the shortest and positively (P) or negatively (N)
chirped ones. The power scaling of the acoustic amplitude is
discussed next.

4 | Discussion

Figure 6 shows the evolution of the acoustic signal versus pulse
energy at the 4 kHz laser repetition rate in a log-log scale
in order to reveal the power scaling laws. At pulse energy of
E, ~ 2 uJ (depends on pulse duration ¢,), a detectable acoustic
signal emerges from the noise floor ~10~ (specific to the USB
microphone used). For the shortest pulse ¢, = 52.5 fs, E, = 5 uJ
was the threshold from which the power scaling followed the
slope of y, = 3/2. This scaling applies to the intensity since the
difference between acoustic signals at the same pulse energy
but for ~50 and ~250 fs pulse durations was different by five
times as expected. Similar scaling was observed for a loosely
focused filament 800 nm/50 fs [46]; however, there was no self-
focusing and filamentation at the used experimental conditions as
discussed below. The most probable explanation of the observed
scaling is due to momentum transfer time 7, ~ 7,; between
electrons and ions, which for the Maxwellian velocity distribution
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——52.5fs
—— 2416 fs
0.014 260.3 fs

0.001 o

Acoustic signal @ 4 kHz (counts)

1E-4 4~ oam=—ame™
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FIGURE 6 | Acoustic signal measured by a microphone placed at
1cm from the air breakdown region of NA = 0.3, focused pulse of different
duration and chirp (same as in Figure 5b only in log-log scale). For E, =
1w, tp = 50 fs and beam waist (radius) r = 2.1 pm, the average intensity
I, = 144.4 TW/cm?.

scales as 7,; « (kT,)*?, where T, is the electron temperature [63].
The frictional force on distribution of electrons drifting through
stationary ions in z-direction at velocity v, is F, = —n,m,(v,;)v,,
where n, is electron density and m, is the electron mass. The
average of the electron-ion collisional frequency is given by [63]

V2n,z%e* In A

SO ——— @
12732}y /m, T,

(Vei> =

where n; is the ion density, Z the ionization charge state, e is
the electron charge, In A is the Coulomb logarithm of the plasma
parameter A (the ratio of the maximum impact parameter to the
classical distance of the closest approach in Coulomb scattering),
and ¢, is the vacuum permittivity. The momentum transfer time
Ty = 1/(vy) x TS/ * and defines the power dependence of the
acoustic (pressure) signal shown in Figure 6. The higher the

laser pulse energy, the higher the temperature (and velocity v, of
electrons in plasma). The collision frequency varies with velocity
as v™?, the faster electrons collide less with ions.

Let us estimate conditions used for the highest pulse energy
E, = 50 uJ when the maximum of the acoustic signal reached a
magnitude of 1072 (100 times above the noise level; see Figure 6).
The beam waist radius was r = 2.1 um for the NA = 0.3 lens.
The depth of focus is defined by double of the Rayleigh length
2z = 27r* /A ~ 26.9 um. Hence, the axial extent of ¢, ~ 50 fs
pulse (ct, ~ 15 um) is all within the focal region since ct, ~ z.
The average fluence is F, = E, /(7r?) = 359.7]/cm? and intensity
(irradiance) I, = F,/t, = 6.8 PW/cm?* for pulse duration t, =
52.5 fs (the peak fluence is approximately by a factor of two
larger). In air, the intensity clamping occurs at ~100 TW/cm?
(depending on focusing NA) [64, 65], that is, at ~50x lower
pulse energy.

Finally, the observed dependence can be expressed as

3/2
p

Vi

where A, is the acoustic amplitude, ¢, is the laser pulse
duration, and E,, is the pulse energy. The 1/4/t, scaling originates
from the increase in peak intensity, I, = 2E,/ (tpnrz), at shorter

Aty E,)

durations for a given focal spot. The E;/ ? scaling arises from
electron-ion scattering dynamics in the air plasma (see Figure 6).
Together, these relations define the core equation for acoustic
determination of femtosecond pulse duration.

The slope of y; = 1.3 in the power dependence of the acoustic
signal in air from 800 nm/50 fs pulses focused to 0.2 mm
focus (longitudinal extent) was recognizable at the onset of
filamentation at 70-80 pJ/pulse, that is., the power per pulse
~1.5+ 0.1 GW [46]. This average pulse power is lower by less
than twice as compared with the critical power of self-focusing
in dry air P, = 2.4 GW for 800 nm/50 fs pulses; the nonlinear
refractive index of air is n, ~ 4 x 107> m?/W. In the current study,
the y, = 1.5 was observed from ~5 pJ/pulse or 0.1 GW/pulse
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(average). Hence, the self-focusing and intensity clamping should
be excluded as important contributors to the air breakdown at
the focus. Origin of the acoustic signal is the focal volume, where
air breakdown plasma was formed and energy was deposited (see
Section Al.3).

In the used average intensity range (0.14-7) PW/cm? (1-
50 uJ/pulse), the electron temperature T, upon irradiation of
liquid and solid targets becomes very high and emission of soft
and hard x-rays via bremsstrahlung is taking place and can be
controlled by pulse duration and chirp [28, 66]. The power of
emission is P,, (W/m*)x Z"?n,n;+/T,, where n,; is the electron
and ion densities, respectively, and Z’ is the ionization number.

Compared to conventional autocorrelation, which remains the
standard for fs-pulse duration characterization [67], the acoustic
method presented here offers distinct advantages and limitations.
The main advantages are its simplicity (no need for nonlinear
crystals or alignment), including spectral ranges where second
harmonic generation is impractical, and suitability as an in situ
monitoring tool during laser machining, where real-time drift
of pulse duration may occur. It should be noted that while the
absolute acoustic amplitude can be influenced by environmental
conditions such as room acoustics and microphone position-
ing, the observed scaling laws, A « 1/ \/ﬁ and A « Ef,/ ?, are
intrinsic to the plasma physics of air breakdown and remain
robust. It should be noted that the absolute acoustic amplitude
can be influenced by environmental conditions and detector
geometry. In the present work, the observed scaling is supported
for the investigated fixed-geometry regime, while the absolute
calibration coefficient may depend on ambient and detection
conditions. Therefore, the method is best applied in in situ
scenarios, where the microphone and geometry are kept fixed
during an experiment.

The main disadvantages are reduced precision compared to
autocorrelation and the lack of full temporal profile retrieval
(only relative scaling of duration is accessible). Thus, the acoustic
method complements but does not replace autocorrelation; it
enables pulse monitoring in regimes where traditional methods
are impractical or unavailable.

5 | Application

The scaling law can be used to predict the pulse duration. For this,
acalibration characteristic must be created as shown in Figure 3b.
For each setup, the absolute amplitude offset might differ. The
workflow is as follows. The acoustic amplitude is first measured
in a fixed optical and acoustic geometry for a set of pulse durations
t, independently determined by the autocorrelator or any other
absolute pulse-duration measurement tool. The corresponding
acoustic amplitudes A4, are then plotted against ¢, in a log-log
representation and fitted by a linear relation

log Ay = o+ Blogt,, 2

which defines the method’s setup-specific prediction character-
istic. In the present case, the fitted slope is close to § ~ —1/2,
consistent with the observed scaling A,. o 1/4/%,,.

For predictive use, the method should be applied only within
the calibrated operating range: (i) the recorded acoustic signal
must remain sufficiently above the ambient noise floor, after
baseline subtraction, while preserving adequate dynamic range,
and (ii) the pulse energy must lie in the regime where the
acoustic response follows the linear slope in the log-log plot,
as verified by the pulse-energy scaling in Figure 6. Under these
conditions, a measured acoustic amplitude can be converted into
the corresponding pulse duration through the inverse calibration
relation

t,= 10008 Age—a)/B ?3)

The reliability of the method is therefore limited by how accu-
rately the acoustic-signal variation AA,, can be determined in
absolute and statistical terms. The number of samples of the
raw acoustic trace A,.(t) required to obtain a reliable mean
value depends on the detector, the recording circuit, and the
ambient background. In the present work, the recordings were
performed over a relatively macroscopic timescale, so the main
practical uncertainty is associated with determining the baseline
and plateau levels of the measured acoustic signal.

Thus, the method’s reliability is primarily determined by the
quality of the calibration line in Figure 3b, along with the practical
uncertainty in determining the raw acoustic baseline and plateau
level during signal acquisition. For a different experimental
geometry or detector configuration, the same workflow should be
repeated to obtain a new calibration characteristic.

6 | Conclusions and Outlook

In the present setup, acoustic monitoring was experimentally
validated for pulse-duration tracking from 50 fs to 2 ps, with
the highest sensitivity in the 50-500 fs range. The method is
summarized by the working equation A, « EZ/ : / \/t_ , which
provides a direct acoustic signature of pulse duration in the 50 fs—
5 ps range at the focus (important for the sub-100 fs pulses, which
can be strongly affected by dispersion of the beam delivery optics).

In this study, a common USB computer microphone was used
1 cm away from a micro-sized focal volume where air break-
down was induced by a focused ultra-short laser pulse. A pulse
compression unit (n?-Photonics) was implemented to achieve
maximum compression of 1030 nm/241 fs pulses while their
duration in the focus (after compressor) was chirp-tuned using
the fs-laser source. Such a setup can be useful for laser machining
applications and monitoring the sound for estimation of the pulse
intensity or pulse duration, as well as their temporal drift during
long experiments. Because laser-induced sub-microscopic struc-
tures depend sensitively on peak intensity—and therefore on
pulse duration—the ability to monitor pulse length acoustically
at the workpiece provides a practical tool for reliable studies of
nano- and micro-structuring phenomena.

In its present form, the approach should be regarded as a prac-
tical relative in situ monitor, calibrated against autocorrelation.
Further extension of this application for a two-stage compressor
(n? Photonics) unit, which compresses pulses down to 10 fs, is a
required research effort. Acoustic monitoring of pulse duration,
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that is, intensity, can be practical for laser machining where
the workpiece-laser beam interaction area/volume (intensity) is
changing and can be acoustically monitored for the processing
feedback. Extending acoustic monitoring to high 0.2-2 MHz
frequencies as well as to the burst and biburst modes is required
for practical applications of fs-laser machining.

Most notably, we expect this technique to be useful for charac-
terization of sub-fs pulses as a black-box technique, without any
concerns about the dispersion of relay optics, spectral bandwidth,
or autocorrelation resolution, and any accommodating optics
of the characterization technique. This is a true optics-free
characterization approach.
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Appendix Al: Appendixes

Al.l | Photons-Per-Atoms in the Interaction Volume

The pulse duration of ¢, =50 fs defines the axial extension of the
laser pulse |} = ct, =15 um, which is smaller than the axial extent
of the focal volume. For the used maximum pulse energy E, = 50 uJ,

the photon number is N, = % =2.01 x 10'4, here h is the Plank

constant. The cylindrical volume they occupy is Vi, = 1; X 7r? and is
defined by the focusing conditions, where r = 2.1 um is the waist of

. . N
the beam. The photon volumetric density p,, = V—p" =9.67x10% cm™3.
ph

The molecular density of air pfﬁi) = pair% = 2.64 x 101° cm~3, where

N, is the Avogadro number, M = 28.84 g is the molar mass of air, and
Pair = 1.29 kg/m?3 (at 20°C). The ratio of photons to molecules in the focal
volume occupied by the laser pulse is ppp,/ pfgi) =3.66 x 10*. A larger
density of air can be created using a shock-compressed front using two
or more fs-laser pulses [46].

Al1.2 | Conditions at Focus in Numbers

The laser intensity I, = EEQCEIZ defines the laser electrical field strength

E; (V/m), where c is the speed of light and ¢, is the permittivity of
vacuum. The field strength E;; = 5.1 x 10° (V/m) in the hydrogen atom

2

defines the electron—proton interaction force F = eE = k¢ >, where e
r
H

is the electron charge, ryy = 0.53 A is the atomic radius of Hydrogen,
k¢ is the Coulomb constant [68-70]. The atomic intensity 34.6 PW/cm?
corresponds to the Ey; field strength and this is the peak intensity (twice
the average, which is used throughout the text). However, the ionization
of Hydrogen occurs at much lower laser fields, at the appearance intensity
Igp = 1.4 x 10 W/cm?, which is only 0.4% of the atomic intensity [71].
This is derived by a simple physics model [68-70]. When the external
electrical field of strength E,, is applied to an atom, the potential

2
is given by V(x) = —Z% — eE,,x along the x direction. By using the

condition dvix)

=0, the position of the potential barrier maximum is

X
Xmax = Ze/E,y; here Z is the atomic number (nuclear charge number).

If V(Xyuqx) = Eion, the critical field strength for barrier suppression
2

ionization (tunneling) is obtained E. = 4;’;. The corresponding laser
(3

intensity defines the appearance intensity of the ion, I, = cE?/(87) =
cE}

4
ion__ = 4 %10° [@] Z72 W/cm? discussed above for H* (13.61 eV
12877226 [eV]

and Z = 1) [72, 73]. For Oxygen O* E;,,, = 13.618 €V and for N* 14.53 V.
The tunneling ionization dominates when the Keldysh parameter yx =
wr\/2E;on /I <1, where wy is the cyclic frequency of laser and E;,, is
the ionization potential.

An air breakdown by 0.5 PW/cm? intensity (average) pulses
(1030 nm/360 fs) focused by a NA = 0.4 objective lens showed shock
formation at 100 ps after energy deposition [74]. The threshold intensity
of the air breakdown was 80 TW/cm?. Experimental results showed that
shock wave propagation followed the Equation-of-State (EOS) of air
P = (y — 1)|p/polEin, where Ej, is the internal energy per unit volume,
which is driving explosion, p is air density (o, = 1.2 x 1073 g/cm? is the
unperturbed density), y = C,/C, = 1.4 is the adiabatic index (or the
specific capacity ratio at constant pressure to that at constant volume).
The initial pressures reaching kbar-level dropped to tens-of-bar after
propagation of a few micrometers with shock velocity ~ 1 km/s after
few-ns; the starting conditions were at Mach number ~ 30.

Al1.3 | Calibration: Sound to Pressure

Figure Ala shows the specification of the used buzzer for the produced
sound pressure at 4 kHz at different voltages. The 10 V bias was used.
The sound pressure in dB was recalculated to p (Pa) according to [, =
201og,,(p/ po), where the audible limit p, = 20 uPa. For example, when
the buzzer sounded at 10 V and 10 cm from the microphone, the pressure
was 80 dB, which corresponded to a 0.1 amplitude (counts) measured by
the microphone (Figure Alc).

In a separate experiment, the acoustic signal (pressure) was measured
with the microphone being moved from 10 to 100 cm from the buzzer.
The dependence of pressure p ~1/x was observed, where x is the
distance between the buzzer and the microphone. The same acoustic
signal amplitude was produced from the buzzer at ~1 m and laser-
induced spark from 1 cm when only the 4 kHz component was filtered

10 of 11

Laser & Photonics Reviews, 2026

95U9017 SUOLULLIOD AIERID 3|qedl|dde au Aq pausenob are sopie O ‘8sn JO SajnJ 10} Aleid 1 aUljUQ AS]i/ UO (SUONIPLOD-pUe-SWB)/W00 A9 |1 Alelq 1 BuluD//SANY) SUORIPUOD PUe SWiB | 8y} 89S *[920z/90/92] Uo ArigiTauliuo As|im ‘AisieAun sniujiA Ag 20000920z 10d|/200T 0T/1op/wod A3 Arelq1uluo//sdny Wolj pepeojumod ‘0 ‘6688898T


https://opg.optica.org/oe/abstract.cfm?URI=oe-18-25-26007
https://opg.optica.org/oe/abstract.cfm?URI=oe-25-20-24109
https://opg.optica.org/oe/abstract.cfm?URI=oe-16-17-12650
https://www.sciencedirect.com/science/article/pii/B9780122154935500100
https://www.mdpi.com/2304-6732/11/7/598
https://opg.optica.org/oe/abstract.cfm?URI=oe-30-21-37407

(a) Buzzer @ 4 kHz mic (b)

& i-' T0om "k

£

£ o004 Buzzer@4kHz 0.6 Buzzer@4kHz

£ ] ‘ R 1

o 88 88dB@ 10V a ‘

T < 0.5 0.5Pa@10V

= 864 g ] |

o § ]

D g4 o 047

) 23 o ]

S 82 .

é '§0.3:

O 80- o ]

o 3 2] 0.2—_

'g 78 1; LR TR ER AR LERRN RRE
3 2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16
»

Buzzer Voltage (V)

FIGURE A1l |

Buzzer Voltage (V)

Buzzer @ 4 kHz
Integrated band

Minimum
20 uPa

©

80dB@ 10V

S
S
£
£ 9
£
m 88
2,
oy 86
o
- 84
2
S 82
]
7]
0 80
o
ke
c
>
o
w

Bd———T— 11
0.1

0.2 0.3

Mic intensity @ 4 kHz (arb. units)

Calibration of the microphone. (a) The sound pressure in dB (referenced to the audible limit of 20 xPa) at different driving voltages of

transducer/buzzer (PK-12N40PE-TQ) at 4 kHz; at 10 V and 4.5 mA it produces 88 dB at 4 kHz; top-inset shows schematics of measurements. (b) Sound
pressure in Pa at the different buzzer voltages 10 cm from the buzzer. (c) Sound pressure (dB) normalized to the audible limit at 10 cm to the microphone.

FIGURE A2 |

Intensity

A=950 nm |

o

100
EY
80
70
60
50
40
30
20
10

80
70
60
50
40
30
20

120

100 4 (lateral)
80

60

Intensity

40

204

Center cross section

A (nm):
— 950
—— 1050

X (um)

4 (axial)

Intensity
3
I

Center cross section

20 30 40 50
Z (um)

The Rayleigh-Sommerfeld integral calculation (Matlab) for NA = 0.3 focusing of 1050 nm and 950 nm wavelength light (those

wavelengths are at the spectral edges of 50 fs pulse at FWHM; see Figure 3a). The focal length f ~ 30 um; pulse extent ct, = 15 um. Calculations

are for ideal aberration-free focusing by a lens NA = 0.3. Center lateral and axial cross sections are shown on the right-side plots.

from the microphone-detected signal. The described procedure can be
used for quantitative calibration of the acoustic signal when required.
Noteworthy, the microphone could be more sensitive than the audible
limit of 20 uPa (when sound pressure is measured). The sound pressure
in dB was used here since it is widely accepted across different fields;
however, it is normalized for the audible level (it is a relative measure).

At the employed focusing (NA =0.3), the entire pulse along the
propagation direction traversed the focal region with almost the same
cross-sectional diameter due to its short 15 um length, as shown in
Figure A2. The sound source originated from the cylindrical volume
defined by r and [}, where ionized air plasma was created and energy was
deposited (plasma was sub-critical and transparent rather than reflective).
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