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Abstract: We experimentally study the interaction between intense infrared few-cycle laser
pulses and an ultrathin (~2 pum) flat liquid sheet of isopropanol running in vacuum. We observe
a rapid decline in transmission above a critical peak intensity of 50 TW/cm? of the initially
transparent liquid sheet, and the emission of a plume of material. We find both events are due to
the creation of a surface plasma and are similar to processes observed in dielectric solids. After
calculating the electron density for different laser peak intensities, we find an electron scattering
rate of 0.3 fs~! in liquid isopropanol to be consistent with our data. We study the dynamics of
the plasma plume to find the expansion velocity of the plume front.
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1. Introduction

High intensity laser interaction with materials is both rich in physics and applications [1-3].
Laser ablation of solids is used for precision manufacturing of materials and semiconductor
devices and to pattern surfaces on a nanometric scale [4] but also to create nanoparticles of
dispersed material [5]. This high intensity interaction can also be used to generate plasmas [6],
extreme ultraviolet (XUV) high harmonic emission [7-9], localized ultrafast melting [10], and
shockwaves [11] in different states of matter. In the biomedical domain further applications are
being discovered, with laser surgery a growing tool for precision cauterization, tumor ablation
and heating [12,13]. The ultrafast, or femtosecond, laser ablation of a solid surface is well
studied [14]. In the femtosecond case, when the deposited energy ionizes the material above the
breakdown threshold, the laser pulse leaves a hot dense plasma which expands, often at supersonic
velocity. The ionized material is thrown into the vacuum or surrounding atmosphere leaving a
pit in the target surface. Repeated laser shots continue this process provided the repetition rate
allows for “recovery” and cooling of the system. Similar phenomena are observed in levitated
liquid droplets [15,16] or ice crystals [17], but with a modification to the shape and temperature
of the ionized volume due to Mie scattering and internal focusing inside the target.

Transparent liquid surfaces or flat sheets have not been widely studied despite their relevance
to liquid XUV spectroscopy, self-healing plasma mirrors, remote sensing in liquids and medical
laser applications. Moreover, a thin film of liquid can be present at the surface of processed
materials and can strongly modify the laser/material interaction. It is expected, but not yet
verified, that under an intense laser field an initially transparent liquid system will behave in
the same way as a flat surface of a dielectric. The interaction of high intensity laser pulses
with a surface is also highly sensitive to the pulse duration and contrast, the wavelength and
the material’s bandgap or work function [18]. With the growing availability of always shorter
few-cycle pulses where the pulse duration is close to one optical cycle, new discoveries are being
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made with the potential to improve micromachining quality [19] and physics theoretical models
[20].

2. Experimental apparatus

In this work, we report and analyze experimental data on the interaction between intense infrared
few-cycle laser pulses and an ultrathin transparent liquid sheet in vacuum. The laser system
consists of a Ti:Sapphire oscillator seeding a two-stage amplifier (Red Dragon, KM labs and
Crunch Technologies) delivering 30 fs, 8 mJ pulses at 1 kHz. This drives an optical parametric
amplifier system (HE-TOPAS, Light Conversion) resulting in an idler beam at a wavelength of
1800 nm (35 fs, 1.2 mJ). These pulses are broadened in a hollow core fibre (HCF) filled with 1-2
bars of argon and compressed to the few-cycle regime with adjustable silica wedges [21]. This
laser system routinely delivers on target, pulses up to 500 W with a pulse duration of 13 fs +/- 2
fs full width at half maximum, which is close to 2 optical cycles at 1800 nm, with a high spatial
quality beam profile, a consequence of the spatial filtering of the HCF. The p-polarized pulses
are focused by a 50 cm CaF, lens, mounted on a motorized translation stage, onto an ultrathin
liquid sheet placed in a vacuum chamber. The liquid sheet is generated using a bespoke nozzle
designed in house and printed and developed using a Nanoscribe 3D printer [22]. Internally, the
nozzle collides liquid streams at a specific angle leading to an ultrathin acute leaf shaped laminar
flow. In this study we use isopropanol (IPA) to take advantage of the low surface tension and
vapor pressure that eases the delivery of a well-behaved liquid sheet in a vacuum environment.
The liquid sheet thickness was measured with monochromatic and white-light interferometry. At
a distance of 3 to 5 mm from the nozzle, where the laser hits the liquid sheet, the thickness is
varying from 2.3 to 1.7 um [22]. As the liquid flows at a speed of 14 m/s, each laser shot hits
a fresh liquid surface. The liquid sheet can be rotated to modify the angle of incidence of the
laser beam. The residual liquid is then captured in a collector. The liquid delivery system is
surrounded by a cold trap filled with liquid nitrogen to keep the vacuum level at ~10~* mbar.
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Fig. 1. (a) Few-cycle infrared laser pulses are focused onto a ~2 um thick flat sheet of liquid
running in vacuum. Transmission through the liquid sheet is monitored with a CCD camera.
An ultrafast camera observes through a side-viewport to the laser-liquid interaction zone.
(b) Side view of the jet when laser peak intensity < 50 TW/cm?. (c) Side view of the jet
when laser peak intensity > 50 TW/cm?, where a plasma plume is visible on the front side
of the liquid sheet (laser pulse coming from the left). (d) Front view of the ultrathin flat
liquid sheet without laser irradiation.
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We investigate the laser/liquid interaction with 2 cameras (Fig. 1). The first camera is
an ultrafast camera (Phantom v7.3, Vision Research, 100,000 fps) looking at the laser/liquid
interaction zone through a side viewport. The second charge-coupled device (CCD) camera
records images of the beam profile, after the jet, to study the transmission of the laser through
the liquid. The beam is attenuated before the camera with neutral density filters. The values
reported here are peak intensities and peak fluences of Gaussian beams considering the losses in
the different optics and the temporal pedestals common in few-cycle laser pulses [23].

3. Laser/liquid interaction at high intensity

Here we present results on the interaction between the laser pulses and the liquid sheet while
varying the laser peak intensity. The peak intensity is changed by moving the motorized lens,
thus modifying the interaction spot size on target while keeping the same pulse energy and
duration. The spot size was calculated using standard formulas for focusing of Gaussian beams
and corrections to the focus radius when using an iris. The spot size was checked by imaging
the beam at the focus, i.e., at the liquid jet, and measuring its size. The intensity measure was
further cross-checked with the high harmonic generation cut-off law in gas presented in [9] and
the uncertainty is estimated to be +/- 5 TW/cm?.

The first noticeable effect on the liquid jet when varying the intensity is the appearance of a
plasma plume on the front side of the sheet when the peak intensity exceeds 50 TW/cm? (peak
fluence of 0.7 J/cm? with 13 fs pulses; focus radius of 113 pum at 1/e?), Fig. 1(c). This plasma
plume is a sign of the breakdown of the material at high intensity. Breakdown thresholds of
around 3 TW/cm? have been previously reported for liquid water for 340-fs long infrared pulses
[24] and between 16 and 25 TW/cm? for liquid water [25-27] and liquid ethanol [27] when
~150-fs long infrared pulses are used. The higher breakdown threshold reported here can be
explained by the use of few-cycle pulses. It has been shown in [20,28] that the use of shorter
laser pulses increases the damage threshold of materials. In the infrared, the wavelength of the
laser has a limited impact on the breakdown threshold value and the mechanism is not yet fully
understood for ultrashort pulses [18,29,30].

A second effect, when exceeding 50 TW/cm?, is a strong lack of transmission of the initially
transparent liquid sheet, shown in Fig. 2(a). The transmission through the liquid sheet is
monitored with a CCD camera by comparing the profile of the beam when the liquid jet is running
or not. The diagnostic is spatially integrated, so that the intensity variation does not affect the
transmission results. As the camera is imaging a 2nd order process (2-photon absorption, 1800
nm beam on a silicon sensor), a square root deconvolution is applied to the results. Here the laser
beam hits the liquid sheet with an angle of incidence of 40°. The lack of transmission, another
sign of the breakdown of the material, is explained by a strong absorption and/or reflection by
the liquid [27].

Here we study a theoretical model to explain this strong modification of the transmission. First,
the transmission of the liquid sheet is directly linked to the ionization level of the material [20],
thus we investigate the electron density in the liquid with a 3D propagation model described in
detail in [31]. The liquid is modelled as a flat sheet of dense media matching the neutral density
of liquid isopropanol with an abrupt Lorentzian decay to vapor pressure on the front and rear
sides, see Fig. 2(b). We set the liquid thickness to 2 um to match the experimentally measured
value [22]. The pulse, with the same parameters as the experiment, propagates using the forward
Maxwell equation in 3 dimensions with cylindrical symmetry. Instantaneous ionization rates
are calculated using the ADK formula [32]. The pulse is too short for considering avalanche
ionization [33]. The ionization potential (/,) of the isopropanol molecule is estimated to be
10.3 €V [34]. The integration is performed using a preconditioned Runge-Kutta method with
adaptive step-sizing. Nonlinear effects are applied in the real-space domain while dispersion and
diffraction are applied in the frequency domain (Split-step method).
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Fig. 2. (a) Comparison of the experimental transmission with the theoretical model, see
Egs. (2) and (3). Insets: images of the transmitted beam profile at two different on-target
peak intensities. (b) Electron density in a 2-um thick liquid sheet surrounded by vapor
(blue line and area; right axis, logarithmic scale) calculated with a 3D propagation code for
different laser peak intensities. The laser pulse passes through the liquid sheet from left to
right. On the front side, the electron density exceeds the critical density above 50 TW/cm?.

Figure 2(b) presents the calculated electron density within the liquid sheet for different laser
intensities. On the front surface of the liquid, when the laser peak intensity is above 50 TW/cm?,
the electron density exceeds the critical density, n. = 3.4 x 10" cm™3 in our case, Eq. (1).

e = 207 <1>

Thus, the plasma frequency exceeds the laser frequency and leads to a strong reflection of the
laser pulse by the plasma [35], reproducing our experimental results. An offset of -4 TW/cm?
must be applied to numerical results for best agreement with the experiment. This offset may be
due to the difficulty of measuring precisely the experimental peak intensity (focal spot size or
pulse duration errors) and/or to the lack of precision of the numerical model.

In metallic and dielectric media, the reflectivity, R, here for p-polarization, can be modelled by
the Fresnel reflection formula (Eq. (2)) coupled to the Drude theory which gives the dielectric
function, &, as a function of the plasma frequency, w, (Eq. (2b)). The plasma frequency is directly
linked to the electron density, n., Eq. (2c) [35]. 6 is the angle of incidence (here 40°), w; is the
laser frequency, ng the complex refractive index of isopropanol at 1800 nm [36], m, the electron
rest mass, £g the vacuum permittivity, e the elementary charge and v the electron scattering rate.

it veron @

R(p7p01) = i 2
1—(%) + v/& cosO
2
_ 2 “p
&E=n; —— w; (wy +iv) (2b)
W = ] 1 (2¢)
P~ me&Q

The absorption, A, occurring in the liquid and leading to the ionization of the material, is
simply modelled by the loss of ~15 photons to ionise 1 neutral isopropanol molecule in the
plasma volume V, Eq. (3). At these intensities (< 80 TW/cm2), we anticipate only low order
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above-threshold ionization so the mean energy in the electron kinetic energy distribution will
remain close to the value obtained by one excess photon [37]. Thus, we estimate that the liberated
free electron has the same energy as the laser photon energy E; (0.7 eV). N, is the total number
of liberated electrons, N, = Vn,.

A= (1+IE£,)N8 3)

Nphowm'

We apply Egs. (2) and (3) to the electron densities calculated at the front surface, where the
plasma has a major effect on the transmission, with the electron scattering rate as a free parameter.
We find an excellent agreement between this model and experimental results for an electron
scattering rate v=0.3 fs~!, see Fig. 2(a). This value is in agreement with the results reported in
[33,38]. In [33], Feit et al. estimated this value to be about 3 times lower in liquid water than in
solid glass by comparing experimental femtosecond-laser damage thresholds in these materials
(1 fs~! in solid glass). In [38], Dubietis et al. found a value of 0.33 fs~! to be in agreement with
their study of laser filamentation in liquid water. The electron scattering rate is dependent on
both electron temperature and density [33]. For simplicity, we used a fixed electron scattering
rate over the electron density range used in our study.

The lack of transmission of the liquid at high intensity observed here is therefore explained by
a strong reflectivity of the front surface when the ionization exceeds the critical density. In our
experiment, where a few-cycle long-wavelength laser is focused on a target with a weak electron
scattering rate, a small amount of absorption leads to a strong reflectivity of the material (Fig. 3).
This has strong implication on high harmonic generation (HHG) in dense media where the XUV
radiation is generated near the rear surface of the material. The high intensity required to initiate
the highly non-linear HHG process can be strongly reflected off the front surface, clamping the
HHG efficiency [9]. On the other hand, this capacity could be of great interest for plasma mirrors
(PM) or optically-driven shutter systems when coupled with the extremely flat, damage-free,
flowing liquid system [39-43].
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Fig. 3. Calculated plasma reflectivity as a function of electron density for different laser
wavelengths and electron scattering rates, calculated with the Fresnel and Drude equations,
Eq. (2).

4. Plasma plume expansion dynamics

The reflection/absorption of the optical field energy is one part of the physical interaction, the
other is the mass flow induced by the interaction in the liquid monitored by an observable plume
emission. In Fig. 2(b), the laser absorption in the liquid reaches a value of around 5% at 50
TW/cm? which corresponds to around 10 uJ of energy absorbed in the focal volume at the front
surface of the liquid. This amount of energy, localized in a small volume, is equivalent to a
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Fig. 4. (a) Time framed side-view of the liquid jet (dashed blue line) before the laser pulse
(orange arrow) hits the liquid. The background signal is the ambient light reflected by the jet.
(b) Side view of the liquid jet after the pulse hits the jet with a peak intensity of 70 TW/cm?2.
Integration time is 23 ps and the angle of incidence is 0°. A plasma plume is emitted in
the reverse direction of the laser. (c) Axial lineout of the plasma plume. (d) Position of the
plume self-emission front at different points in time. The time uncertainty is +/- 25% and is
explained by the long camera exposure compared to the duration of the event. Dashed line:
theoretical plume front position for a constant speed of 21,000 m/s.

pressure that is greater than the bulk modulus of isopropanol: 1.07 GPa. Thus, a shockwave is
created for intensities above this threshold. The ionized material expands and is therefore thrown
into the surrounding vacuum, leading to the appearance of the plasma plume as seen in Fig. 1(c).

Figure 4 presents different results obtained with the ultrafast camera at a peak intensity of
70 TW/cm?. The plasma plume is observable due to the fluorescent decay of the hot expelled
particles. The recording system used here is not optimal for imaging such fast events as the
minimal integration time is longer than the duration of the event. Nevertheless, we are reporting,
to the best of our knowledge, the first ultrafast observation of a plasma plume from a liquid
sheet. In Figs. 4(b) and (c) are presented an image and a lineout of the complete plasma plume
self-emission propagating backward compared to the laser pulse. No signal is recorded from
the rear side of the liquid sheet. The pulse is sufficiently attenuated by the plasma reflectivity
at the front surface to avoid complete destruction of the liquid sheet by the laser pulse. The
ultrafast camera used in our experiment has a minimum exposure time of 1 ps, so we are unable
to measure the evolution of a single plume directly. We overcome this issue by delaying the
camera trigger between the regularly produced plumes created by consecutive pulses of the 1 kHz
laser train. After analysis of this data, we can extract a plume front velocity of around 21,000
m/s, see Fig. 4(d). With our system, the plume self-emission is detectable for 334 ns +/- 84 ns.
These values are in agreement with plasma plumes created from dielectric solids [44] and as
with dielectric solids, and contrary to metals, we do not observe a second “slow” nanoparticles
plume [44] as the nanoparticles may not be fluorescent and thus not observable with our system.



Research Article Vol. 30, No. 19/12 Sep 2022/ Optics Express 34690

Optics EXPRESS

Finer results could be obtained in the future with an improved ultrafast imaging system, leading
to a better understanding of the behavior of plasma plumes from liquid targets.

The ablated volume is estimated considering 90% of the absorbed laser energy is transformed
into kinetic energy [45]. With 34 uJ absorbed in the front surface of the liquid (at 70 TW/cm?)
and an expansion velocity of 21,000 m/s, we can estimate an ablated mass of 1.4 x 10713 kg
which corresponds to a volume of 178 um? for isopropanol. The ablation efficiency is then about
0.6 um>/uJ and agrees with values reported for solid dielectrics near the damage threshold (0.4 -
0.7 um?/uJ) when machined by few-cycle laser pulses [46].

5. Conclusion and prospects

We have shown that the interaction between few-cycle laser pulses and an ultrathin sheet of
transparent liquid is very similar to the interaction between laser pulses and solid dielectric
surfaces. We report a breakdown threshold of 50 TW/cm? for liquid isopropanol when illuminated
with 1800 nm few-cycle pulses. Above this threshold, a lack of transmission of the initially
transparent material is observed and is explained by the strong reflectivity of the plasma created
at the front surface. An electron scattering rate of 0.3 fs~! is found for liquid isopropanol under
intense ultrashort laser excitation. A direct measurement of the reflected energy would confirm
this model. A plasma plume is also observed above this threshold. We studied the expansion
dynamics of this plume self-emission with an ultrafast camera, and we observed a similar behavior
to that of plasma plumes from solid dielectrics. This work will lead to a better understanding
of the behavior of liquid sheets under intense laser fields which is of prime interest for XUV
generation in liquids [8,9], plasma mirrors or plasma shutters [40,41], proton acceleration [47],
hydrogel micro-machining [25] and laser surgery, where a thin liquid film is usually present on
tissue surfaces [48].
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