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Spall-Velocity Reduction in Double-Pulse Impact on Tin Microdroplets
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We explore the deformation of tin microdroplets of various diameters induced by two consecutive laser
pulses having pulse durations of 0.4 ns. Impact of laser pulses with this duration mainly leads to shock-
wave-induced cavitation and spallation. The main result obtained in this work is the observation of a
strong reduction of the spall velocity that depends on the time delay between the two pulses. This reduc-
tion reveals a complex interplay between plasma recoil pressure and shock-wave-driven deformation, and
enables an estimation of the moment of spall formation and the average shock-wave propagation veloc-
ity. We find that the shock wave traverses the droplet with an average velocity ranging from 1.2 to 1.6
times the speed of sound. We study the effects of the energy of the second pulse on the deformation and
qualitatively discuss the formation of microjets. Crucially, we demonstrate the ability to manipulate the
microdroplet expansion and spallation with double-pulse sequences, thereby increasing the portfolio of
obtainable target shapes for droplet-based extreme ultraviolet light sources.
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I. INTRODUCTION

The interaction of laser pulses with metallic, and specif-
ically tin, microdroplets and the resulting deformation has
been a significant field of interest since the introduction
of the prepulse in current-day extreme ultraviolet (EUV)
sources for nanolithography [1,2]. The purpose of the
prepulse is to initiate a hydrodynamic expansion of the
droplet. This deformation process is crucial, as it leads to
a tin target with a more beneficial mass distribution for
interaction with a following more energetic laser pulse,
whose purpose is to create the optimum plasma conditions
enabling EUV light generation [3].

Two main types of target are accessible using a conven-
tional single laser pulse. Deformation into a thin liquid
sheet can be initiated by impact of a laser pulse with
a duration of several to tens of nanoseconds [4,5]. For
metallic droplets, this type of deformation is initiated by
a recoil pressure from the expanding plasma generated by
the laser pulse [6], and the resulting propulsion, expan-
sion, fragmentation, and overall target morphology are
well understood [4–10]. Impact of intense pulses of shorter
duration (� 1 ns) launches a shock wave into the droplet.
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Because of the spherical geometry, the shock wave con-
verges towards the center of the droplet which leads to
cavitation if a sufficiently low negative pressure is reached
[11–19]. The formed vapor cavity can then rapidly expand,
turning the initial droplet into a thin shell. Additionally,
albeit with a laser energy threshold significantly higher
than that of the central cavitation, spall will be ejected
upon reflection of the shock wave from the opposing
droplet surface [13,15–18,20,21]. Cavitation with or with-
out spallation will lead to a single- or double-domed target
morphology, respectively. Although these two types of
deformation are predominantly separated into regimes by
origin of the laser pulse duration, there is significant over-
lap and both types will often coexist. Partly due to this
coexistence, a broad diversity of obtainable deformation
types exists that remains largely unexplored.

Industrially relevant EUV sources typically operate with
tin targets of a few hundred micrometers in diameter,
formed within a few microseconds after prepulse laser
impact [14,22–24]. When operating in the shock-wave-
dominated deformation regime using “short,” subnanosec-
ond pulses, the expansion velocities needed to reach such
diameters can only be produced by pressure waves that
exceed the spallation threshold [15,17,18]. The spall itself
can however be considered unwanted, as tin fragments
are propelled away at typical velocities several times the
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FIG. 1. (a) Illustration of the two laser pulses spaced by a time
delay �t incident on a tin microdroplet with diameter d. (b) Illus-
tration of the central cavity and spall formation after the first
laser impact and the plasma pressure surrounding the droplet as
a result of the second pulse impact.

expansion velocity of the main central shell [17]. These
fragments can possibly escape interaction with the main
pulse, adding to debris, or alternatively, any EUV light
generated from this extended part of the target will be lost
if it exceeds the etendue of the collection optics. The ability
to generate expanded targets without fast spallation debris
[25] could therefore be an advantage favoring application
of shock-wave-induced deformation.

In this work, we study tin microdroplet deformation
induced by impact of two laser pulses having durations of
0.4 ns delayed by several to tens of nanoseconds. Impact
of a single pulse with a duration of 0.4 ns predominantly
leads to shock-wave-dominated deformation, comprising
central cavity and rear-side spall formation as illustrated in
Fig. 1(b). In the following, we demonstrate how the addi-
tion of a second pulse alters the observed deformation by
excitation of a second shock wave and added plasma recoil
pressure applied by an expanding plasma. We discuss the
increased complexity in observed deformation, and as a
main observation find that the spall-front velocity (from
hereon referred to as simply the spall velocity) displays
a sharp reduction as a function of interpulse spacing. We
attribute this reduction to the backpressure impulse, which
is produced by a plasma flow around the droplet that is
driven by the second pulse, and which slows down the
thin spall layer after its detachment from the main droplet
body [see Fig. 1(b)]. We perform radiation-hydrodynamics
simulations to gain a better understanding of the proposed
spall-velocity-reduction mechanism and have investigated
the influence of the energy of the second pulse.

II. METHODS

In the experiment, a stream of liquid tin is expelled from
a nozzle mounted vertically on top of a vacuum cham-
ber (� 10−7 mbar). A modulation applied to the nozzle
leads to a controlled breakup of the tin stream into equal-
sized droplets traveling downward at approximately 10
m/s. By varying the frequency of the modulation we tune
the droplet diameter d from 19 to 52 μm. The droplets then

pass a light sheet prepared above the center of the vacuum
vessel and scatter some of the light. This scattered light is
detected by a photomultiplier tube and is used to trigger
the drive laser and data acquisition at a 10 Hz repetition
rate.

Two temporally Gaussian-shaped laser pulses with a full
width at half maximum (FWHM) duration of 0.4 ns, wave-
length λ = 1064 nm, and energies E1 and E2 of 20 mJ per
pulse (E1 = E2) are incident on the droplet as illustrated
in Fig. 1(a). The pulse pair generation is automated using
the arbitrary pulse shaping capability of the drive laser
[26]. Combined with a straightforward feedback algorithm
it allows for a convenient, accurate, and fully electronic
tuning of the pulse amplitudes and spacing. The spacing
between the two pulses �t is scanned up to 100 ns with
a minimum possible step size of 0.4 ns. The laser beam,
with a circular polarization, is focused to a Gaussian spot
of approximately 125 μm FWHM at the position of the
droplet.

The droplet is backlit using an incoherent laser pulse
with λ ≈ 560 nm and the shadow created by the droplet
is imaged onto a camera using a long distance microscope.
The spatial and temporal resolutions of this shadowgraphy
setup positioned perpendicularly to the laser propagation
axis are approximately 5 μm and 5 ns, respectively. A
recording of the droplet deformation is obtained by repeat-
ing the experiment while scanning the back-lighting laser
pulse in time with respect to the drive laser in steps of
50 ns.

III. RESULTS AND INTERPRETATION

An extensive overview of the observed deformation is
given in Fig. 2. For each droplet diameter d (ranging
from 19 to 52 μm), a selection of �t is made to best
illustrate the trends in deformation in the relevant range.
First, looking at the single-pulse images for increasing d
(Fig. 2, top row), the most notable effect is a change in
the ratio between the size of the main cavitation bubble
and the spall. For this shock-wave deformation regime, an
asymptotic hydrodynamic similarity (of the internal pres-
sure evolution) is shown to exist when the total deposited
energy (Qtot) per droplet volume Qtot/d3 is kept constant
[17]. This similarity is supported by the observed col-
lapse of the radial expansion velocities of the main central
cavitation bubble presented in Refs. [18,19]. Since, in
this work, the laser focal spot size and laser energy are
kept constant throughout the experiment, both the energy
impinging on the droplet Eod as well as the droplet volume
vary significantly when changing d. Therefore, assuming
that Qtot ∝ Eod ∝ d2, we find that the similarity noted in
Ref. [17] is not obeyed in our case. Since Eod/d3 ∝ 1/d,
we see in Fig. 2 a decrease in the size of the central
cavitation bubble and spall with increasing d.
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FIG. 2. Side-view shadowgram overview of the observed deformation. Two laser pulses, each with a duration of 0.4 ns, and energy
of 20 mJ, are incident from the left, focused down to a Gaussian spot with a full width at half maximum of 125 μm, and spaced by
a time delay �t. All shadowgrams are recorded t = 0.4 μs after impact of the first laser pulse. From left to right, columns (a)–(e)
show the different droplet sizes (with diameter d). The rows show increasing values of �t, independently chosen per droplet size to
best illustrate the observed trends in deformation. The bright spot is plasma emission, which, although it has a duration similar to the
laser pulse (approximately nanoseconds), is visible at t = 0.4 μs due to the long exposure time of the CCD camera (approximately
milliseconds).

With the introduction of a second laser pulse we observe
several changes in the target morphology that strongly
depend on �t. First, we see a flattening of the front,

laser facing surface due to the second pressure kick. An
increase in the size of the visible plasma cloud suggests
that this pressure is partly supplied by reheating of the
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plasma initially generated by the first pulse [25]. Remark-
ably, effects of the second pressure kick on the transverse
(vertical) size of the main expanding body, and hence the
expansion velocity, are minor. In other words, although
with the addition of a second pulse extensive flattening is
present leading to a considerably different shape, the radial
size is similar to the single pulse case [see, for example,
Fig. 2(a), �t = 11.8 ns]. Second, a strong jetting behavior
is observed, most clearly visible in Fig. 2(a). The origin
of the microjets and the observed trends are qualitatively
discussed in Sec. III D. Finally, clear changes in the spall
dynamics are apparent. From Fig. 2, it is already clear that,
for all droplet sizes, an initial increase in the spall veloc-
ity with increasing �t is followed by its strong decrease
at still larger �t. Furthermore, for the largest two droplet
sizes, we observe a second spall-like front following the
initial spall. The increased droplet size reduces Qtot/d3 and
results in a reduced amplitude of the shock wave and the
trailing rarefaction wave. This in turn means that the region
where the maximum negative pressure exceeds the tensile
strength of the liquid is reduced, and therefore the region
of vapor void formation, i.e., the central cavity, will be
smaller and expands at a reduced rate. A relatively small
cavity size at early times and its reduced expansion rate
can allow for a second shock wave to pass, enabling it to
generate the second spall front in a similar manner to the
generation of the first. The observation of this second spall
event is considered evidence of the existence of a second
shock wave launched by the impact event of the second
pulse. A larger cavity size, which is attained at large �t, or
by decreasing d (and thus increasing Qtot/d3), likely blocks
passage of the second shock wave and prevents a second
spall from being formed. Indeed, for the smaller droplet
sizes, the second spall is absent.

At small �t the close proximity of the two shock waves
can lead to more complicated dynamics and we presume
that an exceedingly complex pressure wave evolution is
likely hidden inside the droplet interior. Even at �t = 1 ns
we find that the resulting deformation is profoundly dif-
ferent from the case of a single pulse with a combined
energy. We can identify several deformation features that
suggest a joint influence of both shock waves on the
central cavitation and spall formation. These include the
increased radial extent of the central cavity clearly visi-
ble in Fig. 2(a) at �t = 1.0 and 1.4 ns and in Figs. 2(b)
and 2(c) at �t = 1.0 ns. Further indications are the notable
changes in spall morphology and an increase of the spall
velocity for all d at the lowest values of �t (represented
by the second row in Fig. 2). As will be shown later, the
impact of the second pulse leads to a significant plasma
pressure even at the back side of the droplet. This will gen-
erate counterpropagating shock waves in the droplet that
may interfere with the shock wave initiated by the first
pulse, thereby complicating the internal pressure distribu-
tions and the spall formation further. A full explanation of

all observations presented in Fig. 2 is beyond the scope
of the current work and would require complex dedicated
simulations incorporating both accurate fluid and plasma
modeling with improved knowledge of the equation of
state and spall strength of liquid tin [16,27,28].

A. The spall velocity

By tracking the spall front throughout the side-view
shadowgraphy image sequence we obtain its trajectory. At
the laser energies used we find the spall front trajectories
(before and after fragmentation) to be fully ballistic and
not significantly hampered by surface tension. The spall
velocity, which we denote us, is therefore straightforwardly
obtained using a linear fit and a presentation of the spall
front position as a function of the shadowgraphy time delay
is omitted. The obtained us for different droplet diameters
as a function of the interpulse delay �t is shown in Fig. 3.

The obtained spall velocities for single pulses range
from approximately 300 to 600 m/s and can be used to esti-
mate the peak pressure of the shock wave when it arrives
at the back side of the droplet, i.e., during spall forma-
tion. This is done using the velocity doubling rule, which
states that uf = 2um [29], where uf is the velocity of the
free surface (the droplet surface) and um is the material
velocity (for a brief derivation, see also the supplemen-
tary information of Ref. [30]). The material velocity um
is related to the pressure P by P = umρ0cs [29,30], with
ρ0 = 7 × 103 kg m−3 the density of liquid tin [31] and cs
the shock velocity. When approximating cs by the speed
of sound in liquid tin (2.5 kg m−1 [32]), we find that the
pressure of the wave when reaching the back side of the
droplet ranges from approximately 2 to 5 GPa in our exper-
iment. Similar peak pressures at the back side of the droplet
and more detailed analyses of the shock-wave pressure
evolution through its propagation have been reported in
Refs. [15–17].

In the above estimate of the shock pressure we have to
consider that, due to our limited temporal and spatial res-
olution, we are unable to resolve the early time (< 10 ns)
dynamics of the free surface [20,30,33] that, in a rather
simplified picture, result from reflections between the spall
plane (the ruptured region) and said free surface. The spall
“release” velocity us as measured is lower than the relevant
free surface velocity uf at first arrival of the shock wave,
but approaches uf for higher us [30]. For this reason, an
estimate of P obtained from the spall velocity us might be
more accurate for the larger velocities. Nevertheless, fol-
lowing the above, and since cs > c, the deduced pressure
should be considered a lower bound estimate.

1. The effects of interpulse spacing �t

For all droplet sizes, we can identify a clear, rather sud-
den reduction in us when increasing �t, as shown in Fig. 3.
This reduction shifts to earlier times with decreasing d.
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FIG. 3. Spall velocity us for all droplet sizes as a function of
the interpulse delay �t. The solid horizontal line corresponds to
the spall velocity observed following impact of a single pulse
with an energy equal to only the first pulse (E1). The dash-dot line
corresponds to the spall velocity after impact of a single pulse
with the combined energy (E1 + E2). The markers with a black
outline in (a) and (b) are the velocities of the second (inner) spall.

The behavior of the spall velocity before and after this
reduction differs slightly for different droplet sizes. For d =
19 μm, a reduction in us is observed after a short plateau.
Because of the strong jetting behavior, the spall velocity
cannot be tracked beyond �t = 4 ns. For d = 26 μm, we
observe a similar general trend, but since the jet velocity is
reduced, we can track us until a plateau is reached, com-
pleting a transition before tracking of the spall is impeded.
For d = 36, 44, and 52 μm, the reduction is preceded
by a minor increase, and after the reduction a recovery
to the original single-pulse spall velocity is present. For

d = 36 μm, the recovery happens after an increase, pos-
sibly due to the propulsion by a plasma cloud reaching
the spalled shell from behind. From Fig. 2, it is also clear
that at these relatively large �t the original spall front is
already disrupted and the tracking accuracy is compro-
mised. Finally, for d = 44 and 52 μm, we observe a second
spall front whose velocity is indicated by the dark edged
markers in Fig. 3. The velocity of this inner spall starts
low and increases towards the transition point at which it
“merges” with the outer spall. The second spall is caused
by the second shock wave, as generated by the second
laser pulse, which traverses through a complex medium,
i.e., through a state of matter resulting from the rarefaction
following the first shock (in the single pulse case a central
vapor cavity is formed, for example). A full description
of shock propagation through such, yet poorly understood
and complex, medium is beyond the scope of the current
manuscript, and the exact cause of the acceleration of the
second spall with increasing �t remains unclear.

To check the sensitivity of the observed transition time
to E2, an extra measurement is performed for d = 26 μm
in which E2 = E1/2 instead of E2 = E1 [see Fig. 3(d)].
Comparing the two cases we see that the moment of tran-
sition shows no significant shift. Furthermore, reducing E2
leads to a less-prominent reduction in us (down to 300 m/s
instead of 200 m/s), and to a less prominent jetting behav-
ior. As a result of the lower jet velocities, we can fully track
the recovery of us to the single pulse value.

B. Mechanism of the spall-velocity reduction

1. On a possibility of destructive interference of two
successive shocks

Now we turn to a possible physical mechanism that
could explain the observed reduction of us, caused by
a properly delayed second laser pulse. Here, one of the
key factors is the position of the spall “plane,” i.e., of
the surface where the liquid under tensile strain is rup-
tured. Although the exact location of this surface is, strictly
speaking, unknown in our experiment and changes with
d, we have, on the basis of the available simulation work
[16,17], all grounds to believe that it lies at a typical depth
of approximately d/20, i.e., relatively close to the rear
surface of the droplet. This is also corroborated by the
observed early fragmentation of the spall layer during its
subsequent expansion [18,19].

A tempting idea would be to try to explain the us
reduction by the fact that a properly timed second shock,
launched by the second laser pulse, catches up with the
first shock just in time to cancel (or to reduce in ampli-
tude) the negative-stress (tensile) wave behind the latter,
thus preventing the spallation event. In this picture, how-
ever, the shallow depth of the spall plane, combined with
the relevant times observed in the experiment, would imply
unrealistically high velocities of the second shock needed
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to catch up with the first one and interfere with the reflected
tensile wave. Indeed, for the 52-μm-diameter droplet, the
observed decrease of us happens at �t ≈ 12 ns. If we
take conservative values and assume a spall fracture plane
depth of d/10 and approximate the first shock-wave veloc-
ity with the speed of sound c of 2500 m s−1, then for the
second shock wave to reach the spall plane before or at
the moment of spall inception, its velocity would have to
be ≥ 1.7c. If we take a propagation velocity of the first
shock wave of 1.2c then the velocity of the second shock
wave would need to be ≥ 2.7c. Such differences in velocity
between the two shock waves cannot readily be explained.

Second, for the 36- and 26-μm-diameter droplets, the
reduced spall velocity remains low for approximately 10
ns after its initial drop. If the wave interference were the
cause, we would expect this phase to not last longer than
any possible overlap of the waves. An estimate of the
width of the reflected tensile wave can be obtained from
the simulation in Ref. [17], from which we infer it to be
no larger than d/5. This is also confirmed by the above
observation that the width of the spalled layer is of the
order of d/20. For d = 36 μm, the duration of overlap
of two counterpropagating waves with such a width, again
approximating their propagation velocity by c, would last
only 0.2 × 36 μm/2c ≈ 1.4 ns, an order of magnitude
below the observed prolonged spall velocity suppression.

Thus, having effectively ruled out the wave interference
as the main cause of the spall-velocity reduction, we next
demonstrate that this reduction can in fact be explained by
the counterpressure of the ejected plasma cloud that, hav-
ing been accelerated by the second laser pulse, flows round
the droplet and converges upon the symmetry axis in front
of the backward-moving shell of the spalled material.

2. Simulation of the plasma pressure evolution.

To gain insight into the mechanism of the observed
spall-velocity reduction, we have performed radiation-
hydrodynamics simulations using the RALEF-2D code
[34–36]. In recent years, this code has been employed
in numerous EUV source-plasma related topics, ranging
from droplet propulsion studies [6] to plasma modeling
[3,37,38]. In our simulations, the pressure evolution within
the (neutral) liquid tin droplet and the resulting deforma-
tion strongly depend on the choice of the equation-of-state
model [16], and have therefore not been investigated.
Instead, our main purpose is to examine the plasma dynam-
ics resulting from the impact of the second laser pulse.

The simulations have been performed with pulse ener-
gies and an illumination geometry equivalent to the experi-
ments for two configurations: d = 19 μm (with �t = 8 ns)
and d = 52 μm (with �t = 12 ns). The results, presented
in Fig. 4, show that after impact of the second pulse the
expanding plasma “wraps” around the droplet and a sig-
nificant plasma pressure develops at the back side of the

FIG. 4. Plasma pressure evolution during double-pulse
illumination as simulated using the RALEF-2D radiation-
hydrodynamics code for d = 19 and 52 μm. The top hemisphere
of the droplet (d = 19 μm) is shown (top) for three selected time
frames to illustrate the “wrapping around” of the plasma pressure
after impact of the second pulse. Two regions of interest, one
at the front and one at the back of the droplet, are chosen. The
average pressure inside both regions is plotted as a function of
time t (bottom). The corresponding laser pulse sequences are
shown in the attached bottom most panel, with the first pulse
(black) common to both droplet sizes. For d = 19 μm, the
second pulse is incident at t = 8 ns (blue), and for d = 52 μm,
the second pulse is incident at t = 12 ns (orange).

droplet (where the spall forms). It is this pressure that we
attribute the reduction in us to when it coincides with the
moment of spall formation, i.e., when the shock wave from
the first pulse reaches the back side of the droplet. The
plasma flow around the droplet, which results in the accu-
mulation of a relatively dense and hot cloud on the laser
axis, has previously been reported on for the case of single
10 ns pulses and was found to exert a noticeable backward
pressure [6].

Knowing the magnitude P and the effective duration τ

of the rear-side plasma pressure, we can apply the con-
dition of momentum balance Pτ ∼ ρbv to verify that the
pressure impulse Pτ would indeed be sufficient to reduce
the velocity of a spall layer of thickness b and density
ρ by a value v. The magnitude of the pressure at the
back side of the droplet peaks at approximately 0.2 GPa
for the 19 μm droplet example case. The observed spall-
velocity reduction of 300 m/s due to a pressure impulse
of Pτ ∼ 0.2 GPa × 0.4 ns implies (taking ρ = ρ0 as an
upper limit) a layer thickness b ≈ 40 nm. For the 52 μm
droplet, the peak pressure at the back side of the droplet is
approximately 0.02 GPa, an order of magnitude lower than
for the 19 μm case. However, since this pressure persists
longer, namely for a minimum of around 3 ns (at which our
simulation ends), and the spall-velocity reduction is less
(approximately 100 m/s), the same momentum balance
implies a layer thickness b ≈ 90 nm. These estimated spall
layer thicknesses are in line with expectations from the
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aforementioned detailed simulation efforts [16,17] on the
one hand, and several complementary experimental efforts
on the other. Experiments by Krivokorytov et al. [15]
found a partial transparency of a late-time sheet that would
imply a 10–100 nm thickness; experiments by Kurilovich
et al. [18] uncovered a hydrodynamic scaling relation of
hole formation in an expanding thin layer that yields a
rough ∼ 200 nm thickness estimate when applied to our
observations. These theoretical and experimental estimates
of the spall layer thickness strongly support the argument
of a plasma pressure impulse slowing down the detached
front spall when its arrival on the back side of the droplet
is timed to coincide with the detachment of the first spall.

The rapid decay of the plasma pressure (see Fig. 4)
implies that if the second pulse is “early,” i.e., it impacts
before the shock wave from the first pulse reaches the back
side of the droplet, no slowing down of the spall should
be present. If the second pulse is “late,” i.e., it impacts at
a later moment at which the spall has already expanded
significantly, the plasma is forced to expand over a larger
distance and will decrease in density. This is likely to
decrease the recoil pressure it exerts on the spall and allow
for a recovery of us. Both arguments are in agreement with
our observations.

Crucially, this knowledge allows us to relate the moment
of spall release to the impact time of the second pulse by
the observed reduction of us, which will be further detailed
in the following section. Evidently, we need to take into
account the delay between the moment of pulse impact
and the pressure peak. From the simulations we observe an
approximate delay of 1.4 and 5.1 ns for d = 19 and 52 μm,
respectively, and linearly interpolate this plasma expansion
delay with d.

3. The shock-wave velocity

The instantaneous velocity of the first shock varies
as it propagates from the front to the back side of the
droplet and heats up and sets in motion an ever increas-
ing fluid mass. On average, the shock becomes weaker,
although a certain local and transient amplification may
be observed when it converges towards the droplet center
[17]. Although in our experiment we do not have access
to the instantaneous velocity, we can determine an average
shock-wave speed from the spall release moment, assum-
ing that the spall formation time is small compared to the
total propagation time of the shock wave.

To obtain the spall release moments ts, we first deter-
mine the half-way position of the transition, i.e., the reduc-
tion in us, and its width by locally fitting an error function
to the data shown in Fig. 3. The results of these fits are indi-
cated in Fig. 5(a) by open markers. For d = 19 μm, where
the transition is not complete, a broad estimated range for
the value of the plateau after the reduction is taken from
100 to 300 m/s for the fitting. The corresponding spread
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FIG. 5. (a) Spall release moment ts (filled markers) as a func-
tion of droplet size d. Open markers correspond to the moment
of reduction of us, as determined by an error-function fit to the
data presented in Fig. 3, without the added plasma-delay correc-
tion. Error bars indicate the 1σ width of the error function fit and
are used as weights in the presented fit of a linear curve. The fit
parameter standard errors of ts are smaller than the markers. (b)
The average shock-wave velocity ũshock = d/ts normalized to the
speed of sound c. The outer (dashed) error bars correspond to the
propagated error shown in (a). The inner (solid) error bars cor-
respond to the propagated fit standard error. The error in droplet
diameter is estimated to be ±1 μm.

in the obtained value of ts is reflected in the error bar. The
true spall release moment ts is subsequently determined by
adding the previously mentioned plasma peak delay with
respect to the second laser pulse and is plotted in Fig. 5(a)
using filled markers. We find a linear dependence of ts,
and by a least-squares fit to the data obtain a slope of
0.38(1) ns/μm and an intercept of −2.3(2) ns.

The linear dependence ts ∝ d suggests a single common
average shock-wave velocity for all d. However, because
Eod/d3 varies with droplet size, the aforementioned hydro-
dynamic similarity [17] does not hold and we expect a
dependency of the average shock-wave velocity on d. The
observed offset of the fit is also not in agreement with a
single velocity, since in that case we do not expect an
offset, i.e., limd→0(ts → 0). We therefore rationalize that
the obtained slope should approach the asymptotic veloc-
ity of the pressure wave, i.e., the speed of sound c, and
obtain a velocity ua = 1/0.38(1) = 2.63(4) km/s, which,
taking c = 2.47 km/s [32], indeed corresponds to ua/c =
1.07(2), being close to unity.

Since we expect a different shock velocity for each
droplet size, it is sensible to treat them independently and
obtain an average shock velocity ũshock = d/ts for each
droplet size, as shown in Fig. 5(b). The negative ts offset in
Fig. 5(a) entails an increasing ũshock with decreasing d as
expected by the increasing Qtot/d3. The obtained values for
ũshock, ranging approximately from 1.6c to 1.2c between
the smallest and largest droplet, respectively, are compara-
ble to the 1.25c we deduce from Ref. [17]. In Fig. 5(b) two
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error bars are plotted for each data point. The inner (solid)
error bar corresponds to the propagated combined standard
error of the relevant fit parameter and the estimated error
in the droplet size of ±1 μm. In Fig. 5(a), this error is
smaller than the marker size. For the larger (dashed) error
bars, the 1σ width of the error function fit representing the
transition width [which is the error bar shown in Fig. 5(a)]
is included. The inclusion of this error displays the sensi-
tivity to the choice of ts that we set here at the half-way
(50%) point. Figure 5(b) shows that the accuracy with
which ũshock can be retrieved using this method is inher-
ently limited for smaller droplet sizes without additional
assumptions or modeling to motivate a better choice of ts
along the us curve. Also, for small d, the one-way propa-
gation time of the shock wave (given by ts) approaches the
pulse duration (0.4 ns) and the hydrodynamic timescale of
the plasma expansion, and possibly also the spall forma-
tion duration. All in all, the error in ũshock for the 44 and
52 μm droplets is nonetheless below 10%.

C. The effects of the second pulse energy

For the case d = 26 μm, we perform two measure-
ment series in which E2 is varied at a fixed �t. One
�t value is chosen on either side of the spall-velocity
transition, specifically at 3.6 and 7.6 ns. The results are
shown in Fig. 6. At �t = 3.6 ns, before the transition, the
spall velocity (top) undergoes a gradual minor increase.
Inversely, in agreement with the proposed spall-velocity
reduction mechanism, us displays a strong decrease with
increasing E2 at �t = 7.9 ns.

When increasing E2 beyond E1, we observe a strong
difference in the transverse expansion velocities, quanti-
fied at early times and plotted in Fig. 6(a)(bottom). Up to

E2 = E1 the initial expansion velocity Ṙ(t = 0) is rather
flat and equal for both values of �t. When E2 > E1, a sep-
aration of the two cases takes place, most notably driven
by an increase of expansion when �t = 3.6 ns. From the
accompanying shadowgrams [see Fig. 6(b)], it appears that
this increased expansion is driven by additional cavitation
induced by the second pulse.

Although a full picture of the pressure evolution in the
droplet interior is likely needed to reveal the origin of this
increased expansion, we speculate that, when E2 > E1, the
shock wave induced by the second pulse can be larger
in amplitude than the first and will lead to cavitation at
a slightly earlier point during its converging trajectory
towards the droplet center. Additionally, at �t = 3.6 ns
the cavity induced by the first pulse is either very small
or still in the formation phase [17,30]. It is therefore possi-
ble that two cavitation regions are formed independently
that merge at an early time during their expansion. In
line with this reasoning we see that no jet is formed in
this case. Furthermore, since no strong increase in us is
present, we have gained access to a target shape [see
Fig. 6(b)(*)] distinct from any single pulse case in its ratio
between radial expansion and spall velocities. This target
demonstrates the potential of the double-pulse approach
to fine tune the target formation process with additional
control.

Compared to �t = 3.6 ns, with �t = 7.9 ns, no increase
in the initial expansion velocity due to additional cavitation
(spherical expansion) is observed when E2 > E1. Instead,
increasing E2 leads to increased flattening and jetting. An
advanced growth of the cavity from the first pulse at �t =
7.9 ns compared to �t = 3.6 ns will impede any additional
cavitation by the second pulse as the shock wave will sim-
ply impact the cavity. This again allows for the formation
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FIG. 6. (a) Effect of E2 on the spall velocity us and initial expansion velocity Ṙ(t = 0) for interpulse delay (�t) values of 3.6 and
7.9 ns. (b) Shadowgrams accompanying data in (a), with the top and bottom rows showing images for �t = 3.6 ns and �t = 7.9 ns,
respectively. Columns show increasing E2 from left to right with values chosen such that the deformation trend for each case of �t is
demonstrated best. The images are recorded 0.4 μs after laser impact. Data points and shadowgram of a particular target of interest, as
mentioned in the main text, are indicated by the symbol *.
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of a jet and flattening assisted by the additional plasma
pressure.

D. Jetting

Jet formation is a prevalent phenomenon resulting from
the nonspherical collapse of an embedded cavity [39–43].
Besides an already present asymmetry in the cavity sur-
roundings, e.g., a hard surface, or a free surface, a passing
pressure field or shock wave can induce a similar type
of jetting [44–53]. In the case of laser impact on micro-
droplets the formation of a jet on the principal symmetry
axis (i.e., the laser propagation axis) has been observed
in multiple studies [4,8,25,54,55] and has in most cases
been attributed to the collapse of an internal cavity. We
can say in all likelihood that the jets we observe in Figs. 2
and 6(b) originate from a (partial) collapse of the cavity
formed by the first pulse. Here, the shock wave generated
by the second pulse is likely responsible for initiating the
jetting when it impacts the cavity [54]. The presence of
jets in single pulse cases with pulse durations similar to
the acoustic timescale (R0/c) [8] suggests that the pres-
sure field and deformation resulting from impact of longer
pulses can function similarly.

Although a detailed quantification of the jetting dynam-
ics is outside the scope of this work, a clear dependence
of the jet velocity with pulse spacing �t is present [see
Fig. 2(a)]. It has been shown that the velocity of a jet
formed by shock-wave impact on a cavity depends on the
initial size of the cavity [44,53,56]. It is therefore straight-
forward to conclude that the jet velocity increases with
�t since the cavity has more time to grow, resulting in
a stronger collapse. The magnitude of the pressure wave
inducing the collapse of the cavity and the accompanying
jetting is also likely to play a role in the jet velocity as sup-
ported by the increase in jet length visible in Fig. 6(b)(7.9
ns). Since the absorbed laser energy fraction may also
exhibit a (positive) �t dependence due to the plasma
expansion, separating the effects of laser pulse energy and
�t on the jet velocity remains challenging.

Accurate tracking of the jet velocity in the current exper-
iments is, in many cases, hampered by the presence of the
spall. It either blocks the jet optically, making it impossible
to visualize, or it physically blocks the jet in its path when
the jet overtakes the spall, causing a disruption of the jet.
Therefore, a further study with an in-depth quantification
would benefit from different experimental conditions and is
left for future work. Considerations for a follow-up study
could comprise a lower E1/d3 value, below the spallation
but above the cavitation threshold [12,17,18], which would
prevent spallation from occurring. Another possibility is
having a higher E1/d3, which would increase the spall
velocity and decrease the spall fragmentation time, and
thereby improve visibility of the jet. An increased E1/d3

can possibly be combined with a lowered E2 value to

decrease the jet velocity and prevent interaction between
the jet and (faster) spall.

IV. CONCLUSIONS

In conclusion, we have studied the deformation of tin
microdroplets after irradiation by a pulse pair with pulses
of 0.4 ns in duration with varying interpulse time delay.
As in the single pulse case, we observe the formation of
an expanding central cavity and a spall layer, both induced
by a shock wave and the accompanying rarefaction wave
traversing the droplet. The addition of a second pulse pre-
dominantly leads to flattening, jetting, and changes in the
spall velocity, all dependent on the interpulse spacing.
More specifically, we find a sharp reduction in the spall
velocity at a specific droplet-size-dependent pulse spacing.
We attribute this reduction to a deceleration of the spall by
the plasma pressure resulting from the impact of the second
pulse.

Simulations performed with the radiation-hydrodynamics
code RALEF-2D confirm that a significant external plasma
pressure is able to build up above the rear-side droplet
surface undergoing spallation. By combining the results
from experiment and simulation we are able to estimate
the moment of spall formation, i.e., the arrival time of the
shock wave at the back side of the droplet. We find average
shock-wave propagation velocities ranging from 1.2 to 1.6
times the speed of sound.

We have discussed the effects of the relative energy of
the second pulse at two fixed pulse delays on the various
processes involved. We find that, when the energy of the
second pulse exceeds the first, the central cavity formation
is altered, enhancing the transverse expansion of the final
target without increasing the spall velocity.

Lastly, we observe microjets originating from the
droplet center induced by the impact of the second pulse
and find that the jet velocity increases with both an
increase in interpulse spacing as well as the energy of
the second pulse. The observed jetting and cavitation phe-
nomena show strong resemblance to many cavitation and
jetting studies in the available literature on transparent liq-
uids, and provide an outlook to study the jet formation
and behavior resulting from the interaction of in-droplet-
embedded vapor cavities with pressure waves.

Combined, our findings provide valuable insights into
the complex processes resulting from laser impact on liq-
uid tin microdroplets, enabling, e.g., a manipulation of the
target expansion and spall characteristics using a double-
pulse sequence. The present work further benefits the
design of more advanced target-shaping pulse sequences in
next-generation droplet-based extreme ultraviolet sources.
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