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We study femtosecond-laser-induced flows of air at a water/air interface, at micrometer length scales. To visualize
the flow velocity field, we simultaneously induce two flow fronts using two adjacent laser pump spots. Where the
flows meet, a stationary shockwave is produced, the length of which is a measure of the local flow velocity at a given
radial position. By changing the distance between the spots using a spatial light modulator, we map out the flow
velocity around the pump spots. We find gas front velocities near the speed of sound in air vs for two laser excita-
tion energies. We find an energy scaling that is inconsistent with the Sedov–Taylor model. Due to the flexibility
offered by spatial beam shaping, our method can be applied to study subsonic laser-induced gas flow fronts in more
complicated geometries. ©2020Optical Society of America

https://doi.org/10.1364/AO.389542

1. INTRODUCTION

Laser ablation is currently applied in research fields rang-
ing from life-science to laser materials processing [1–4]. In
particular, the use of femtosecond (fs) laser pulses is very
appealing to induce ablation, mainly due to the ultrafast laser
energy deposition and the extreme nonlinearity of the process
[5–8]. These mechanisms have very distinct advantages, such
as significantly reducing the heat-related collateral effects and
achieving a subdiffraction limit spatial resolution [7]. Besides
these technical advantages, the ultrafast nature of the laser
excitation leads to a concatenation of several processes that are
spread over different time scales, which is especially interesting
to compartmentalize the problem. On the time scale of the order
of the pulse duration, the laser energy is absorbed and a hot
electron plasma is created. Depending on the photon energy and
the electronic properties of the target, the absorption process
can be mostly nonlinear (i.e., dielectrics, semiconductors) or
linear (i.e., semiconductors, metals). For water (a dielectric)
the initial absorption is due to multiphoton ionization and is
therefore nonlinear. However, the excited electrons also induce
linear absorption, through inverse bremsstrahlung and impact
ionization [9,10]. On the picosecond time scale, the electrons
thermalize with the atoms and molecules, which can lead to
a phase change. In the specific example of water, this leads to

the production of a volume of strongly supercritical water [9].
This volume will then rapidly expand, subjecting the target
underneath to a strong recoil pressure, leading to liquid flow
and potentially to splashing, on the microsecond time scale.
To understand this liquid flow, it is of course paramount to
know the initial thermodynamic conditions. To determine
these initial conditions, the dynamics of the ablation plume
expanding into the background gas needs to be fully under-
stood. The dynamics during ultrafast ablation of liquids have
been investigated using a number of time-resolved imaging
methods, providing a wealth of information on the expansion
of the plume [9–20]. However, the flow velocity of the gas that
surrounds the expanding plasma cannot be directly visualized,
as the length scales are far too small for traditional methods
using tracer particles and the available time-resolved imaging
techniques cannot resolve the subtle changes on the refractive
index of the gas flow on the micrometer scale.

We recently reported on the generation and visualization of
shockwaves at a water/air interface using multiple excitation
spots in close proximity [21]. The resulting (opposing) gas flows
produced at each irradiation spot can have a relative velocity
exceeding the speed of sound, resulting in stationary shocks.
These shocks give significant optical contrast in a reflectivity
measurement, because they extend along the line of sight as
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Fig. 1. Illustration of the experimental setup. Light from an ampli-
fied femtosecond laser is split into two paths. One path (pump, in red)
is reflected on a spatial light modulator (SLM), shaping the phase of
the beam. The surface of the SLM is imaged in the back focal plane of a
microscope objective. The other path (probe, in blue) is first frequency
doubled and focused in the back focal plane of the same microscope
objective, leading to wide-field illumination. The pump-probe delay
is set using a delay line in the probe path. The inset illustrates the
geometry of the laser-excited water surface using a double pump.

illustrated in Fig. 1. In this work, we demonstrate the use of a
spatial light modulator (SLM) to change the distance between
the excitation spots on the fly. We use this method to investi-
gate the radial dependence of the gas flow velocity around the
excitation spots. We determine the local flow velocity by meas-
uring the length of the resulting shockwaves and discuss energy
dependence of the flow velocity field. Finally, we discuss future
application of our method.

2. EXPERIMENTAL SETUP

In Fig. 1, we show a diagram of the setup. Laser pulses from an
amplified fs laser (Hurricane, Spectra-Physics) with a duration
of 150 fs and a wavelength of 800 nm are first split into a probe
and a pump path using a polarizing beam splitter (PBS) and a
lambda half-wave plate. For the experiments, we use a single
laser shot that is picked using a mechanical shutter. The probe
pulse is frequency doubled using a beta barium borate (BBO)
crystal combined with a lambda half-wave plate, which is filtered
in order to block the remaining IR laser light. Subsequently, we
use a lens (f= 200 mm) to focus the probe beam in the back
focal plane of a microscope objective (Nikon CFI60, 100×,
N.A.0.8) to achieve wide field illumination. The pump beam
is reflected on a SLM (Holoeye Pluto-BB for 700–1000 nm),
which is used to imprint a phase pattern on the beam. This phase
pattern is imaged in the back focal plane of the objective using
two lenses in a 4f arrangement. We use phase maps of binary
gratings that result in two dominant (±1st) diffraction orders,
resulting in two adjacent spots on the sample surface. By varying
the period of the grating, we can vary the separation between the
spots. The waist of the pump spots in the focus is 3.4µm, which

(a) (b)

Fig. 2. (a) Typical intensity patterns achieved in an intermediate
image plane. (b) Corresponding binary gratings displayed on the SLM.

for the pulse energies used in this work leads to an initial size of
modification of 1.8µm [20].

As a proof of principle, Fig. 2(a) shows typical illumina-
tion patterns recorded at the Fourier plane of the 4f system
with highly attenuated fs laser pulses. Figure 2(b) shows the
corresponding grating patterns displayed on the SLM. In all
illumination patterns, a small amount of light can be seen
in the center, corresponding to the zeroth order (specular)
reflection of the SLM. Also, in the bottom image, weak higher-
order spots can be seen. As long as these spots are sufficiently
below the ablation threshold, they do not affect the measure-
ments. The illumination patterns shown in Fig. 2(a) are imaged
onto the surface of a sample that consists of 25 mL of milli-Q
demineralized water. We control the energy of the pump pulse
combining a lambda half-wave plate with a polarizing beam
splitter. We measure the energy of the pump pulse right after
the microscope objective in order to take into account losses
throughout the experimental system. The light reflected from
the water surface is collected by the objective. The reflected
pump light is blocked by a bandpass filter (400± 10 nm). The
reflected probe light is used to image the laser-excited water/air
interface by means of a tube lens (TL). The image is recorded
using an electron multiplying CCD camera (Andor, Ixon 885).
Note here that the light of a single laser probe pulse is recorded
by the camera. In all experiments described in the work, we
set the delay between the pump and the probe to 9 ns, as with
this delay we make optimal use of our field of view (45 µm
× 45 µm). We estimated the pulse duration stretching of the
pump laser to be below 20 fs after passing through all the optical
elements within the experimental setup.

3. TRANSIENT-REFLECTIVITY MEASUREMENT
RESULTS

In Fig. 3, we display transient-reflectivity images obtained
during the double-spot ablation process using several grating
periods. For all images, we observe two dark disks at the laser
excited locations. We attribute these to absorption and scat-
tering of the probe light due to water droplets and clusters of
molecules inside the ablation plume. Note that the initial size
of the modification is (with a radius of 1.8 µm) significantly
smaller than the black disks and the separation between them.
We also observe ring-like features concentrically around these
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(a) (b)

(c) (d)

Fig. 3. Transient-reflectivity images obtained at a pump-probe
delay of 9 ns and a fluence of 18 J/cm2, for varying pump spot sepa-
ration. The arrows in (a) points to weak shockwaves. The red circles
in (b) illustrate the radius of the black regions as determined using
a Hough transform. The arrows in (c) indicate the stationary shock
caused by the opposing gas flow from the two excitation spots. The
arrows in (d) show the bifurcation of the shockwave.

spots. These appear to be related to shockwaves in the surround-
ing air. We verified this by replacing the air above the water
surface with helium, in which the rings are absent [20]. Most
interestingly, we observe a strong stationary shock in between
the two spots. This shockwave is caused by the fact that the
opposing air flows resulting from the adjacent spots have a
relative velocity that is strongly supersonic. With decreasing
distance between the spots, the length of this stationary shock
changes. In Fig. 3(c), we see that the stationary shock has a small
curvature. This can be attributed to a slight imbalance in the
energy of the two pulses as systematically demonstrated else-
where [21]. Such an imbalance can, for instance, be caused by a
slight tilt of the water surface produced by small vibrations. To
assess the imbalance, the radii of the black regions are computed
for each image using a Hough transformation (HoughCircles,
OpenCV); see the red circumferences in Fig. 3(b).

For a given pulse energy, the average and standard deviation
of all radii are calculated. Images in which both radii are within
one standard deviation of the average are used in the rest of the
analysis. In Fig. 3(d), we see that the stationary shock bifurcates
at both ends. We can understand this as follows. When the gas
flow reaches the shockwave, the increased local pressure causes
the flow to partly deflect sideways. In the case of Fig. 3(d), the
vapor and the shockwave are so close together that this deflec-
tion leads to a significant flow velocity component parallel to
the stationary shock. This parallel flow adds to the radial flow,
causing the flow to significantly exceed the speed of sound,
resulting in the bifurcating tails of the stationary shockwave.

4. GAS FRONT VELOCITY ESTIMATION

In Fig. 4(a), we plot the length L of the stationary shock as a
function of d , where 2d is the distance between the centers of the
excitation spots, for two peak fluences (18 J/cm2 and 21 J/cm2,
both significantly above the breakdown fluence of 8.1 J/cm2

[20]) on the sample surface. In the measurement of the length,
we take into account only the straight section, discarding the
bifurcating tails if they occur [as is the case in Fig. 3(d)]. The
circled data points correspond to the images in Fig. 3 (the letter
indicating the relevant subplot). We observe that as the distance
between the pump spots is increased, the length of the shock
grows until it reaches a maximum, after which it decreases again.
The dashed vertical lines in the graph correspond to the distance
at which we first observe the bifurcation of the shockwave. As
can be seen, the occurrence of the bifurcation does not seem
to significantly change the trend. Nevertheless, care should be
taken when interpreting the results for shorter distances, as the
bifurcation indicates a significant deflection of the flow.

As argued in [21], to observe these stationary shocks, the
velocity from each excitation spot must be such that the com-
ponent perpendicular (v⊥) to the shock, shown in Fig. 4(c), is
larger than half the velocity of sound (vs = 343 m/s). In this
way, the perpendicular components satisfy vup

⊥
+ vdown
⊥
≥ vs .

Therefore, the length L of the stationary shock is determined by
the point where v⊥ = vs /2. At this position, the perpendicular
velocity can be written as v⊥ = vd/r , where r =

√
d2 + (L/2)2

and v is the radial flow velocity due to a single excitation
spot. From this equation and the above criterion, we find
that L = 2d

√
4(v/vs )2 − 1. In other words, for a constant

velocity v, the length of the shockwave increases with increasing
separation. However, for larger separation, the radially expand-
ing flow will only just have reached the halfway point between

(a)

(c)

(b)

Fig. 4. (a) Shockwave length as a function of distance d between
pump and the shockwave, for 18 J/cm2 (blue) and 21 J/cm2 (red). The
dashed vertical lines indicate the distance below which bifurcation of
the stationary shock is observed. The circled data points correspond to
the typical images in Fig. 3, the letter indicating the relevant subplot.
(b) Corresponding velocity as a function of radial distance r . The
solid vertical lines indicate the radius of the black disk in the images.
The open black symbols are the data for 21 J/cm2 with the scaled
r axis, such that the points best overlap with the data for 18 J/cm2.
(c) Geometrical scheme of the double pulse excitation.
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the two excitation spots, causing a decrease in length for larger
separation. Rewriting the above equation, we find that the
velocity can be written as follows:

v = vs

√
4d2 + L2

4d
. (1)

This equation is used to convert the length into a radial velocity.
The result of this conversion is shown in Fig. 4(b), in which the
velocity v is a function of the radius r . For a spot separation of
14µm (d = 7 µm) and a fluence of 18 J/cm2, we find a velocity
of 280± 27 m/s. This value is in agreement with our previously
reported results on the ultrafast laser ablation dynamics of water
using double-beam illumination at a single separation distance
[21]. Note also that, as the measured velocity of the gas flow
is lower than the velocity of sound, it would not have resulted
in optical contrast in transient-reflectivity images in a single-
spot experiment. We see that, as expected, the radial velocity
decreases as a function of the radial distance r . We also see that,
surprisingly, the radial velocity seems almost independent of
the incident pulse energy. Note that for large spot separations,
the radius r appears to decrease again. This is an artifact caused
by the downturn of the length L for large d , which was dis-
cussed above. Beyond the maximum in L , the results plotted in
Fig. 4(b) are therefore unreliable. The solid vertical lines in the
graphs mark the average radius of the black regions in Fig. 4 and,
as before, the dashed vertical lines correspond to the distance
where we first observe bifurcation of the shock, indicating the
point where deflection of the flow becomes important. For
shorter distances, Eq. (1) therefore underestimates the local flow
velocity; these velocities should thus be considered a lower limit
to the actual velocity.

The black circles in Fig. 4(b) are the data for 21 J/cm2 but
with r scaled down by a factor 1.36± 0.07 (corresponding to
the ratio of the radii of the black regions for the two energies),
leaving the velocity unscaled. The fact that the datasets for
18 J/cm2 and 21 J/cm2 (corresponding to E1 = 3.4 µJ and
E2 = 4.0 µJ per spot, respectively) then collapse onto each
other suggests an approximately quadratic scaling with incident
energy [as (E2/E1)

m
≈ 1.37 with m = 1.9± 0.3]. However,

the relevant energy for the gas flow is the absorbed rather than
the incident energy. We therefore need to take into account
how the absorbed energy depends on the incident energy. In
transparent materials, the light absorption is in the first order
mediated by multiphoton ionization and avalanche ionization,
which scale with different powers of the incident laser inten-
sity, In and I, respectively. If we consider only multiphoton
absorption, the order of the process n is defined as the number
of laser photons needed to overcome the ionization potential of
water U/~ω= 6, where U = 9.5 eV [18] and ~ω= 1.56 eV.
We could thus assume that the absorbed energy E abs scales as
E abs ∝ E 6, with E the incident energy. In contrast, tunnel
ionization would lead to a linear dependence. However, under
our experimental conditions, the Keldysh parameter is approx-
imately 0.8, which means tunnel ionization will be important
but not dominant. Finally, we should also take into account the
effect of avalanche ionization. Therefore, we run a full calcula-
tion of the deposited energy within the irradiated water volume
by using a finite-difference time-domain algorithm combined

with the multiple rate equations method (MRE) as we recently
reported [9]. From the simulation, we find that the ratio of
absorbed energies, given the pulse energies used in the experi-
ment, is∼1.29, whereas the ratio of the pulse energies is∼1.18.
This suggests a scaling of E abs ∝ E n , with n ∼ 1.5, as opposed to
the power 6 we naively assumed on the basis of the multiphoton
ionization. Using this result, we find that the quadratic scaling in
the incident energy corresponds to a scaling with the absorbed
energy to the power of 1.3± 0.2, rather than the E 1/3

abs scaling
one might expect on the basis of the Sedov–Taylor solution for
a three-dimensional point blast model [22]. Obviously, a full
study of the energy scaling behavior would require experiments
at significantly more laser energies. Yet, these results already lay
bare a) the obvious limitations of applying the Sedov–Taylor
model to an expansion that is not necessarily self-similar and
b) the need to account for both linear and nonlinear excitation.

5. CONCLUSION AND OUTLOOK

In summary, we demonstrate the use of a spatial light modulator
to visualize the light-induced-flow velocity field during ultra-
fast laser ablation. We have reconstructed the fs-laser-induced
air flow velocity profile for two different excitation energies.
We find that the flow velocity is almost independent of the
laser pulse energy, but that the radial scale of the velocity field
depends approximately quadratically on the laser pulse energy.
By computing the absorbed energy as a function of the incident
pulse energy, considering both nonlinear and linear laser excita-
tion using an MRE model, we show that such an energy scaling
is incompatible with a Sedov–Taylor-like behavior, illustrating
the limitations of applying the Sedov–Taylor model in this
context. The use of a SLM opens up the possibility of creating
exotic illumination patterns that would lead to more complex
effects. For instance, a toroidal excitation pattern would lead to
converging gas flow on the liquid/gas interface. One can envi-
sion the use of such converging shockwaves to focus an ablation
plume, which might have application in pulsed laser deposition.
Furthermore, our method of flow visualization using a SLM can
readily be applied in such illumination geometries.
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