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Controlled interference of laser-induced shock waves in microdroplet jetting
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We report the formation of high-velocity microjets driven by the interference of two laser-induced shock waves
in a tin microdroplet. A first 0.4-ns laser pulse launches a shock wave into the droplet (diameter Dy = 40, 50,
and 60 um). Due to the droplet’s spherical geometry, the shock converges and diverges as it traverses the droplet
center and reaches the back surface. Upon reflection from the free back surface, the shock reverses polarity,
producing an intense, focused tensile wave. This wave nucleates an ~ 1 um cavitation bubble, trapping itself on
the front side of the droplet, between the bubble and the droplet’s free laser-facing surface. Impact of a second,
delayed, identical laser pulse introduces a second shock wave and leads to the formation of a microjet. Scanning
the delay of this second pulse reveals a complex pattern of constructive and destructive interferences of the two
shocks through the observed change in jet velocity, with velocities reaching 110 m/s. This laser-droplet system
presents a unique case for the study of acoustics and cavitation at the microscale.
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I. INTRODUCTION

The deposition of a substantial amount of energy into
a confined liquid sample [1-4] initiates a plethora of rich
physical processes, including shock-wave propagation and
nucleation of cavitation bubbles, whose interaction and en-
suing dynamics often lead to jetting [5—7] and fragmentation
[8-11] of the liquid body. These strongly entwined phe-
nomena are studied within the context of applications such
as erosion in various liquid-mechanical systems [12-15],
biomedical therapy, e.g., sonoporation [16,17] and needle-
free injection [18-20], and tin-droplet-based EUV sources
[21-27].

In this work, we present the first observation of fast jets
generated by the interference of two subsequent laser-induced
shock waves in a droplet. The pressure impulse generated
by the impact of the first pulse excites a shock wave that
propagates inside the droplet. Due to the spherical geometry,
the shock focuses toward the center of the droplet, reflects off
the backside of the droplet (reversing polarity) to focus again
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and induce cavitation through tensile breakup [26]. A second
shock wave is generated by impact of a second, identical
laser pulse that, through its interaction with both the vapor
cavitation bubble and the first shock wave, leads to the forma-
tion of a microjet aligned with the laser-propagation direction
with velocities up to 110 m/s. These shocks, generated via
laser ablation, can have trailing negative peaks, contributing
to instances of positive and destructive interference [26].

II. EXPERIMENTAL SETUP

A stream of liquid tin microdroplets is generated by flow-
ing liquid tin (260 °C) through a specially designed nozzle
vertically mounted in a vacuum chamber (~10~7 mbar). A
piezo element mounted on the nozzle allows for a controlled
breakup of the stream at a chosen frequency (kilohertz range)
into equal-sized droplets. At constant tin flow, we produce
droplets of diameter Dy = 40, 50, and 60 ym by varying the
frequency of the modulation applied to the piezo element.
Laser and acquisition systems are triggered by a pulse of
light scattered by a droplet as it passes a laser sheet posi-
tioned slightly above the center of the vacuum vessel, i.e., the
laser-droplet interaction point. The phenomena are observed
stroboscopically at a real time of 10 Hz, using a trigger holdoff
on the kilohertz-range signal generated by the droplet train
crossing the laser sheet. More detailed descriptions of the
setup can be found in Refs. [28,29].

Two temporally Gaussian-shaped laser pulses with a full
width at half maximum (FWHM) duration of 0.4 ns, wave-
length A = 1064 nm, are incident on the droplet (cf. Ref. [27])
as illustrated in Fig. 1(a). Pulse-pair generation is automated
using the arbitrary pulse-shaping capability of the laser system
[30]. Combined with a feedback algorithm, it allows for a
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FIG. 1. (a) Illustration of the experiment. A tin droplet with a diameter Dy is impacted by a pulse pair with a time delay between the two
pulses ¢. The laser beam is focused at the position of the droplet with a Gaussian spatial profile. The two identical laser pulses have a Gaussian
temporal profile. (b) Shadowgraphy series of a Dy = 60 um tin droplet after being impacted by a single pulse only (equal to the first pulse of
the pulse pair). Panel (c) provides an enlarged view on early times. (d) Example shadowgraphy series of double-pulse-induced jet formation
for a Dy = 60 um tin droplet after impact of a pulse pair with pulse spacing ¢ = 47.4ns. The arrow in each panel indicates the position of
the jet tip or its furthest fragment. The time between (first) laser-pulse impact and the shadowgraphy recording is indicated below each image
panel. Scale bar is common for all panels. (e) [llustration of the proposed jetting mechanism (cavitation bubble and jet not to scale).

convenient, accurate, and fully electronic tuning of the pulse
amplitudes and spacing. The spacing between the two pulses
t is scanned up to 200 ns with a minimum step size of 0.4 ns.
The laser beam, with a circular polarization, is focused to a
Gaussian spot of approximately 90 um (FWHM) at the posi-
tion of the droplet. For most of the study, the energies of the
two pulses in the pulse pairs are kept identical, with the laser
energy adjusted per droplet size such that the single-pulse
energy per droplet volume E/R3 is kept constant [26] at a
value of 1.3 x 107 mJ/um?, unless otherwise indicated. This
particular value is chosen to be, just, high enough to pro-
duce a small bubble while minimizing detrimental impact on
acoustics or visible cavitation-driven expansion of the droplet
resulting from even higher energies [25]. The single-pulse
energy value is consistent with the 2(1) x 107® mJ/um? cavi-
tation threshold obtained in previous work [29], extrapolating
from single-pulse cavitation visible through the expansion of
the droplet exterior. We note that femtosecond- or picosecond-
duration pulses produce cavitation ~2.5x more efficiently
[29] and would already produce violent cavitation tied to a
visible expansion for the pulse energies used in this work. We
also note that another order-of-magnitude increase in pulse
energy is required to induce spallation on the backside of the
droplet [23,25,26,31].

The droplet is backlit using an incoherent laser pulse with
A~ 560nm and the shadow created by the droplet is im-
aged on a camera using a long-distance microscope (Infinity
K2 DistaMax CF-3, NA = 0.24). The spatial and (stro-
boscopic) temporal resolutions of this shadowgraphy setup
positioned perpendicularly to the laser-propagation axis are
approximately 3 um and 5ns, respectively. A recording of
the droplet deformation is obtained by recording subsequent
laser-droplet-impact events while gradually scanning the de-
lay between the backlighting laser pulse and the pulse pair.
From the shadowgraphy recordings, we obtain the position
of the tip of the jet (or of the furthest fragment originat-
ing from the jet) over time by a simple thresholding step.
From this trajectory, we determine a jet velocity vie with a
linear fit.

III. INTERFERENCE JETTING

Figures 1(b) and 1(c) show, respectively, early- and late-
time shadowgraphy recordings of a 60-um-diameter droplet
impacted by only one pulse. The droplet impacted by a sin-
gle pulse shows minimal deformation within the first 200 ns
and typical shape oscillations at later times. In the current
experiment, no jet is observed without the impact of a sec-
ond pulse. Single-pulse impact also leads to a slight forward
propulsion of the droplet, with a velocity of approximately
3-6m/s depending on droplet size [28,32]. Crucially, for the
initial 200 ns, no measurable change in the droplet shape is
observed with our threshold-based analysis. Moreover, photo-
diode measurements of reflected light from the droplet (as in
Ref. [33]) show identical reflection amplitudes (within 10%
after 20 ns) for both the first and second pulse. We thus
conclude that the second pulse impacts an essentially unde-
formed, identical target.

Figure 1(d) shows a droplet impacted by two pulses with
a pulse spacing t = 47.4ns. Under these specific conditions,
a jet emerges from the droplet on a 1-us timescale. Note that
any incompressible flow contributions to jetting, for example,
from capillary waves, would occur on a much longer capillary

timescale 7, = v ,oR0 /o, with surface tension o = 0.544 N/m
and density p = 7000 kg/m®, on the order of 10 us, emphasiz-
ing that the here observed jetting is of a distinctly different
origin. The vertical arrows in Fig. 1(d) give an indication of
the jet-tip position, or the furthest fragment after breakup,
used to determine vje.

The jetting mechanism we hypothesize is illustrated in
Fig. 1(e) and previously postulated by Hudgins et al. [34].
The second shock impacts the cavitation bubble’s left side
(panel 3), initiating a hydrodynamic focusing and formation
of the jet (panel 4), which traverses the bubble and punctures
the right side of the droplet (panel 5). We note that pulse-
pair-induced jetting by tin microdroplets has been previously
observed for considerably higher pulse energies [24,27] and
for pulse trains [34]. In these cases, a jet is formed while the
main droplet body expands into a single-, or double-shell-like
structure.
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FIG. 2. (a)—(c) Jet velocity vj as a function of pulse spacing ¢ for
the three studied droplet diameters Dy of 40, 50, and 60 um. Panel (a)
also contains a measurement, marked with 2F, for which the laser-
pulse energy was twofold that of the nominal value. (d) Jet velocity
Vjer as a function of nondimensional round-trip time t* = tc/Dy. The
inset provides an enlarged view of the n = 3 peaks for the nominal-
energy cases.

The jetting we observe here is thought to be similar to the
jetting observed from a meniscus impacted by a shock [35,36]
or similarly, the jetting mechanism studied within the context
of shaped charges [37,38]. Interaction of bubbles in a bulk
with a passing shock wave [16,39] also leads to an analogous
type of jetting. An example more comparable to the jetting
presented in this work is the observed jetting of bubbles close
to a free surface after shock impact [5]. Several other related
studies have focused on bubbles inside droplets [1,4], in some
cases interacting with an external planar shock [40-42], which
also results in similar observations of jetting. Interaction be-
tween shock waves and laser-generation bubbles has been
studied previously also in Ref. [43]. The case presented here
is unique in the nonplanar, but (spherically) converging shape
of the shock-wave incident on a transient cavitation bubble
located near the center of the droplet.

Figures 2(a)-2(c) show the obtained jet velocity vje as
a function of pulse spacing ¢ for the three different droplet
sizes. All three curves show a baseline velocity vje that

initially increases and then decreases. We hypothesize that
the delay range of the background velocity corresponds to the
lifetime of the cavitation bubble (see below). This shape is
superimposed with distinct peaks and dips at early times, and
an increasingly irregular structure at later times. By introduc-
ing a nondimensional acoustic propagation time * = tc/Dy,
with ¢ = 2470 m/s, the speed of sound in liquid tin at 260 °C
[44], we obtain a near perfect overlap of the observed struc-
ture, indicating their acoustic origin [see Fig. 2(d)]. Note that
the late-time, seemingly irregular structure is also reproduced
between different droplet sizes, specifically for the 40 and
50 um cases. These features can thus be assumed to have
the same acoustic origins as the peaks, arising from more
complex pressure fields that have developed inside the droplet
at late times. The peaks and dips in the data are due to
constructive and destructive interference of the two shock
waves and its following effect on jet formation. In Fig. 2(d),
we label the first four distinct peaks according to their order
of appearance n, starting from n = 2 given the first peak’s
proximity to t* = 2. Note that beyond n =5, the structure
becomes more complex and presents rich dynamics. No dis-
tinct features belonging to the same series can be identified
beyond that point. Figure 2(a) also shows a measurement
where a twofold higher laser energy 2F was used, generating
a nearly unstructured background. The interferences, which
remain visible, still overlap on the nondimensional timescale
[cf. Fig. 2(d)]. The relation between a zero in the jet velocity
and the degree of destructive interference is nontrivial, also
given the complexities of shock-wave dynamics [45]. It may
well be that the jet velocity drops to zero because the pressure
was reduced below a threshold for jet formation. In this case,
the interference would be fully destructive with respect to the
resulting jet velocity, while being but partially destructive in
pressure.

IV. ACOUSTICS, TRAPPING, AND INTERFERENCE

To explain the observed phenomena, we propose a model
that is schematically depicted in Fig. 3. A first pressure wave
is generated by the first laser pulse and traverses the drop.
In the first passing of the center, the weaker rarefaction wave
trailing the much larger positive pressure wave (cf. Ref. [26])
has insufficient amplitude to induce cavitation. Under these
conditions, the reflection will also not lead to spallation (cf.
Refs. [25,26]) (note that, in this description, n also corre-
sponds to the number of reflections experienced by the first
pulse on the external interface on the droplet). The reflection
of the pressure wave at the free surface on the right-hand-side
droplet reverses its polarity. This, after a modest reduction in
amplitude (due to either dispersion or damping), results in a
reflected wave with a large negative pressure that now exceeds
the cavitation threshold upon focusing near the droplet’s cen-
ter on the return pass [Fig. 3(b)]. After cavitation, the pressure
wave continues to evolve and reflects to propagate toward the
droplet center once again. However, it now meets a cavitation
bubble. Provided that the size of the bubble after At* > 1
is on the order of that of the pressure wave, it reflects off
of it, effectively trapping the wave on the left-hand side be-
tween the droplet surface and cavitation bubble [see Figs. 3(c)
and 3(d)].
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FIG. 3. (a)-(c) Illustrations of the three stages of the proposed
model (see main text). (a) The first shock traverses the drop. (b) The
shock reflects off the free surface on the right, inverting polarity,
and traverses the droplet toward the left. As it focuses at the droplet
center, it creates a cavitation bubble (not to scale) that can be made
to collapse with a second shock. (c) After bubble formation, the first
shock becomes trapped between the droplet’s left surface and the
cavitation bubble. Note that, although all shocks are in reality bipolar,
shocks with a predominantly positive (negative) pressure amplitude
are here depicted in red (blue) color only. (d) Schematic space-
time diagram of shock propagation and cavity dynamics. The three
regimes corresponding to illustrations [panels (a)—(c)] are indicated
on the right.

The second pressure wave, induced by the second laser
pulse [Fig. 3(c)], traverses the liquid, also to focus on the
droplet center. This second pressure wave, for times ¢ > Dy/c,
will encounter the cavitation bubble that collapses under the
action of this pressure wave. If the excitation of this sec-
ond pressure wave exactly coincides with a reflection of the
first wave [Fig. 3(d)], constructive interference leads to an
increased pressure on the interface of the cavitation bubble,
and an increased jet velocity. Small differences in timing lead
to constructive and destructive interferences. The width of
the individual sharp (constructive or negative) interferences is
approximately 0.17* (~1 ns) at full width at half maximum
[see inset in Fig. 2(d)] and does not significantly increase
with delay time (indicating negligible further dispersion); the
value is in line with expectations from Ref. [26] predicting a
pressure wave with an approximate 0.1Ry/c ~ 1 ns width.

No jetting is observed up to t* = 2 for the nominal-energy
cases, consistent with the fact that the cavitation bubble is
created on the second pass of the wave in tandem with finite
onset dynamics in the formation of the cavitation bubble. For
the case of the twofold increase in pulse energy, the noninter-
ference jetting starts slightly after #* = 1 [cf. Fig. 2(d)], which
may also be explained by cavitation after the first reflection

[cf. Fig. 3(d)]. It should be clear that our experimental condi-
tions were intentionally chosen to lie at the very threshold of
jetting, and the significant 2x change in pulse energy for this
outlier case, may lead to significant changes in the dynamics,
such as the formation of a cavitation bubble that is larger,
facilitating earlier puncturing of the droplet surface by a jet
following bubble collapse.

From the decaying peak amplitudes, we find a 1/e decay
time on the order of 40 ns, a value that appears to be inde-
pendent of the pulse energy. The decay time of the baseline,
however, is much longer and is dependent on pulse energy,
consistent with the much longer timescale of the bubble
dynamics.

V. BUBBLE DYNAMICS

For a noncavitated droplet, constructive interference would
occur at t* = n, assuming that the pressure waves propagate
at the speed of sound c. However, from Fig. 2(d) it is clear
that the peaks are shifted with respect to the dimensionless
acoustic propagation time t* and that they start from n = 2.
The slight shift in the start of the interferences at n = 2 can
be explained by an increase in the pressure-wave propagation
velocity: It is due to the round-trip velocity being larger than
c. For simplicity, we assume that a supersonic wave velocity
only applies to the first 2D, propagation, and take ¢, = c after
n = 2. The measured offset yields a ¢, = 1.06¢ shock speed, a
number that is consistent with the asymptotic value 1.07(2)c
from Ref. [27] for large droplets or, equivalently, low pulse
energies (recall the ratio E/R} [26]). The round-trip velocity
is effectively the average of the velocities of the positive and
negative waves. We also observe in Fig. 2(d) that all peaks
for n > 2 are visibly shifted from ¢t* = n, which cannot be
explained from any increase in shock-wave velocities alone.
Instead, the shifts can be readily interpreted in terms of a
reduction in path length due to the presence of a bubble.

The bubble dynamics are governed by the inviscid
Rayleigh-Plesset equation (see, e.g., Refs. [46,47] or the more
recent Refs. [1,48]) here adapted to the current special case of
the pressure being dominated by the Laplace pressure, given
the near-zero pressure in the vacuum chamber,

20 _
PR(t)

and in the limit of R/Ry < 1 (the finite radius of the droplet
Ry here thus marginally impacts the bubble’s dynamics [1]),
and neglecting the vapor pressure inside the bubble in the ex-
panded phase relevant here. R is the bubble radius and R, R are
its time derivatives. This modified equation yields symmetric

bubble growth and collapse, with a duration 7, & /3 pR?w /o,
where Ry, is the maximum bubble radius.

Figure 4 shows the positions of the various interference
peaks from Fig. 2 as a function of n. The diagonal dashed line
depicts the bubble-free expectation t* = n, again underlining
the fact that the peaks occur earlier than expected. A linear fit
y = ax + b describes the data well (R? > 0.999). From the fit,
we can infer a path-length reductiond = 1 — a = 0.200(4)D,
and reproduce the aforementioned supersonic wave veloc-
ity ¢s = 2/(2a + b) = 1.06(1)c. Keeping the wave velocity
constant at an upper limit of 1.06c instead, yields a

R(HOR(t) + %R(r)z + 0, (1)
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FIG. 4. Nondimensional peak position #* as a function of peak
number n for all the three studied droplet diameters. The dashed
black line following t* = n is plotted as a visual guide. The gray solid
line presents the results of a linear fit to the data. The inset shows the
nondimensionalized change in path length d /D, for the interference
peak spacings dn.

still constant, smaller path-length reduction of d =1 —a =
0.155(3)Dy.

The path-length reduction can similarly be computed from
the time differences between the constructive interference
peaks d = Dy — c(t, — t,—1), as shown in the inset in Fig. 4.
The constancy of d/Dy, and in fact the overall dynamics
(cf. Fig. 2), over droplet size is explained from our experi-
mental conditions, where we keep E/R] constant following
Grigoryev et al. [26], which enables a self-similar scaling
of the dynamics to arbitrary droplet size. As emphasized
by the inset of Fig. 4, the path-length reduction introduced
by the presence of the bubble is approximately constant
within the measured range (n = 2 — 5). This observation rules
out the possibility of a centrally located bubble with a large
diameter of 0.2D(, which would explain the path-length re-
duction, but would require an approximately microsecond
period to reach its maximum size, far too long to be con-
sistent with the observed constancy of d/Dy. Instead, the
constant d = 0.2D, path-length reduction is straightforwardly
explained by a slight offset of a smaller cavitation bubble
from the droplet center, as may be expected from an imperfect
shock focusing from a spherical shape and at large angles, in
line with prior simulations [26].

From the baseline jetting velocity in Fig. 2, we infer a value
for the bubble expansion and collapse time of 2¢; ranging
from ~100 to 150ns, which is consistent with a bubble of
maximum diameter ranging from ~0.8 to 1.1 um. Due to

the fast dynamics involved, the bubble would already grow
to >70% of its maximum size before t* = 2, which sup-
ports the hypothesis that the bubble is then large enough to
significantly reflect the shock wave (being on the order of the
shock focal size). Note that an ~1-um-sized bubble would in-
dicate a 1073-level increase of the droplet’s outer surface, far
below the measurement accuracy. Furthermore, the fractional
change in its small diameter (compared to its 0.2D, offset)
underpins the absence of any obvious temporal dynamic be-
tween n = 2 and 5 in the inset of Fig. 4.

VI. CONCLUSION

We presented observations pertaining to the interference
of two subsequent laser-induced shock waves in a droplet,
and to the creation of an ~100 m/s microjet through their
joint action. The observed interference pattern is explained in
terms of the inception of an offset, micrometer-sized cavita-
tion bubble and the acoustic interference of pressure waves
trapped between this cavity and the laser-facing free sur-
face of the droplet. All extracted parameters, such as shock
velocity, bubble size and dynamics, and interference width,
are in good agreement with expectations. This laser-droplet
system presents a unique, text-book-clear case for the study of
acoustics and cavitation, with the spherical system focusing
shocks with long coherence times. Future work may focus
on using inspection of the interior of the droplet, e.g., using
pulsed x-rays, to gain further direct insights on the shock and
cavity dynamics.
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