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Abstract

The splash created by intense laser pulse impact onto a liquid tin layer is studied experimentally using time-delayed strobo-
scopic shadowgraphy. An 8-ns infrared (1064 nm) laser pulse is focused onto a deep liquid tin pool. Various laser spot sizes
(70, 120, and 130 pm in diameter) and various laser pulse energies (ranging 2.5-30 mJ) are used, resulting in laser fluences
of ~ 10-1000 J/cm? inducing pronounced splashing. Specifically, we study the time evolution of the splash crown-width.
The crown width expansion velocity is found to be linearly dependent on the laser energy, and independent of the focal spot
size. A collapse of all crown width evolution data onto a single master curve confirms that the hydrodynamic evolution of
our laser-impact-induced splash is equivalent to droplet-impact-induced splashing. Laser-impact splashing is particularly
relevant, e.g. for high-brightness laser-assisted discharge-produced plasma and laser-produced plasma sources of extreme

ultraviolet light for nanolithography.

1 Introduction

Splashing frequently occurs in nature [1, 2], for example, as
resulting from impact of raindrops on a pool. Such droplet
impact onto a liquid pool may result in the formation of a
liquid crown and in the subsequent breakup of the crown
rim into small droplets—the ‘splash’ (as shown in Fig. 1a).
The dynamics of this splash depends on the impact velocity,
liquid drop size, and the fluid properties [2]. Splashing can
also be generated without a droplet impactor, by, e.g. the
impact of an air stream [3] or, as we show in this paper, from
the plasma pressure-impulse induced by intense laser pulses
impinging on liquid pools (as illustrated in Fig. 1b). Com-
paring Fig. 1a and b, we observe clear similarities between
the two splashes. The splashes evolve very similarly despite
of the length and time scales being very different (~ 0.1mm
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vs mm and ~ us vs ms) highlighting the hydrodynamic simi-
larity of the dynamics after the liquid is set in motion, be it
by droplet impact or by a laser pulse.

Laser-impact-induced splashing of metals is of interest
for a variety of industrial processes, considering the risk of
process contamination from debris formed by splashing. For
example, in laser-based micromachining applications, Willis
et al. studied the melt zone formation and subsequent droplet
generation after ~ ns laser impact on thin chromium films
[5]. Yilbas et al. investigated the laser heating and phase
change process of steel and the related recoil pressures [6].
Ben-Yakar et al. analysed ~ fs laser impact on glass surfaces,
simulating the fluid flow of the melt zone and studying the
morphology of the resulting crater [7]. Popescu et al. used
high-speed imaging to study the liquid-metal dynamics dur-
ing laser welding and analysed the spatter formation [8].

In the discipline of nanolithography, extreme ultravio-
let (EUV) light is used to produce the next generation of
computer chips. A laser produced plasma (LPP) generated
from liquid tin microdroplets emits the required EUV light
near 13.5 nm wavelength [9]. Variations on this concept are
however also considered. Koshelev et al. devised an appara-
tus using a rotating drum covered by a liquid tin film, onto
which a laser is shot to create EUV light. The rotation is
foreseen to prevent the splash-generated fragments from
reaching and contaminating optic elements [10]. Pawlowski
et al. hold a patent on the concept of using rotating wheels,
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Fig. 1 Splashing, a crown and detached droplets are visible, resulting
from a droplet impact (figure courtesy of A. Bisighini [4]) and b from
laser pulse impact (30 mJ, 70 um case, see below)

covered with liquid tin, to produce EUV light from a laser-
assisted discharge plasma (LDP). In LDP sources, ~ ns laser
pulse impact (also ~ ps pulses have been studied by Beyene
et al. [11] for this purpose) ignites a first plasma, as well as
a corresponding splash, between the rotating wheels serv-
ing as electrodes. These wheel electrodes subsequently dis-
charge and produce a hot and dense tin plasma [12]. Despite
the relevance of splashing for this wide field of application,
no fundamental studies related to laser-impact-induced
splashing on a liquid pool have yet entered the literature.
Here, we present an experimental study of laser-impact-
induced splashing on a deep pool of liquid tin. Specifically,
we study the time evolution of the splash crown width in
detail using time-delayed stroboscopic shadowgraphy, vary-
ing the parameters of the laser impact under conditions rel-
evant, e.g. for laser-assisted discharge plasma devices.

2 Experiment

In Fig. 2, an overview of the experimental setup is presented.
A 1064 nm Nd:YAG laser pulse, with a full width half maxi-
mum (FWHM) pulse length of 8 ns, is focused by a positive
lens with a focal length f = 600 mm. The laser energy can
be adjusted with a half-wave plate and a thin-film polar-
izer. The focal spot size can be changed by adjusting the
aperture behind a beam expander. A beam tower is used to
enable the laser pulse to enter via the top window of the low
pressure vacuum chamber (kept at a ~ 0.1 mbar hydrogen
pressure), as is shown in a schematic side view in Fig. 2b.
The pressure was kept low enough to prevent the ambient
gas from influencing the laser-plasma generation process
(e.g. by unwanted air breakdown). The laser pulse is focused
onto a 3-mm-thick, temperature-controlled liquid tin pool
and impacts along its surface normal. The liquid tin has a
density p = 7.0 g/cm? and a surface tension ¢ = 0.54 N/m.
The tin is kept at a constant temperature, either at 300 °C or
430 °C, well above the melting point of 232 °C.

The dynamics of the liquid tin splash crown result-
ing from laser pulse impact are captured by means of
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stroboscopic shadowgraphy imaging [13]. This method
combines incoherent pulsed backlight-illumination at
560 nm wavelength with a CCD camera coupled to a long-
distance microscope aligned parallel to the pool surface. A
spatial resolution of approximately 5 pm is obtained. A dye
laser provides the pulsed backlighting with a pulse duration
of 5 ns (FWHM). To capture an image of the splash, first,
the Nd: YAG laser pulse impacts the liquid tin to start crown
formation, after which the backlight pulse is generated, and
the shadow of the splash is imaged onto the CCD via the
microscope. The time delay between the Nd: YAG laser pulse
impact and the backlight pulse is stepped through to image
the splash over time as shown in Fig. 2c—h. Consequently,
every captured frame comes from a separate and new splash.

Experiments are conducted for laser energies ranging
2.5-30 mlJ, focused to circular, Gaussian spot sizes with
diameters 70, 120, and 130 ym (FWHM), with Rayleigh
lengths ranging ~0.4—1 cm depending on the focusing con-
dition. The height and top width of the crown, as shown in
Fig. 2d, are determined using a MATLAB image process-
ing tool developed specifically for this research. The crown
height is defined as the lowest point on the corrugated rim
relative to the pool interface height. The top width is deter-
mined by finding the coordinates where a horizontal line on
the crown height position crosses the outside boundary of
the crown, depicted in Fig. 2d.

3 Results

In Fig. 2c-h, the morphology of a typical laser-impact-
induced splash is shown for various times after laser pulse
impact. First, the ns laser pulse impacts the liquid film and
generates a plasma (see, e.g., Refs. [14, 15] for a detailed
discussion). This plasma pressure [13, 15] pushes aside
a layer of liquid which moves into and over the nearby
unperturbed liquid. This motion causes a crown to be
ejected from the pool surface on a ~ us timescale. The
crown grows over time and droplets start to detach from
the crown rim by a combination of Rayleigh—Taylor and
Plateau—Rayleigh instabilities [16, 17] (~ 10 us). A swell
wave on the bottom of the crown develops (~100 us). In
addition, on a similar timescale the crown retracts back
towards the film surface (not shown in Fig. 2c—h). This
timescale of retraction is found to be dependent on laser
pulse energy. Lastly, after retraction of the crown, a liquid
jet appears from the center (~1 ms), similar to Worthing-
ton jets formed during droplet-impact splashing [18]. The
swell wave around ~100 us, along with a limited contrast,
complicates the determination of the the bottom width of
the crown. Therefore, the top width of the crown is used
in the analysis that follows. The crown height can also be
obtained in principle but its measurement is hampered by



Laser-impact-induced splashing: an analysis of the splash crown evolution after Nd:YAG ns-pulse...

Page3of6 44

A Low pressure
(a) Top view chamber

microscope

/4—N :
.

= Curved mirror

< Lens p N
/
== A/2 wave plate Bean
expander
=== Thin film polarizer
=== Mirror -+ Aperture

(1) 7 N

Nd: YAG laser

Collimated
Long-distance ....... .7 ... .

Shadowgraphy
laser

O tDye cell
Y Y}
(b) slde v1ew ..........................

Beam tower

light

_______

to

3 us 25 us 37 us

Fig.2 a Schematic top view of the experimental setup. The experi-
ment consists of two optical lines: (i) the Nd:YAG laser laser line is
responsible for the laser ablation. The laser light is guided through a
beam expander and aperture to control the beam diameter. Next, the
pulse is focused on the liquid tin target shown in side view (b). The
laser-impact-induced splash is imaged stroboscopically using the sec-
ond optical line (ii) consisting of a dye cell that creates a collimated

the formation of ligaments and by the fragmentation pro-
cesses. Such effects do not significantly affect the deter-
mination of the crown width. Accordingly, a study of the
crown height is left for future work and we focus our stud-
ies on the evolution of the crown width.

In Fig. 3, the crown width is tracked over time for laser
impacts with various energies and spot sizes. Figure 3a
shows how the crown width evolution varies with laser
energy (2.5-30 mJ), for a constant spot size of 70 ym
(FWHM). Clearly, the crown width significantly exceeds the
laser beam spot size at all times shown. The crown width at
any given time increases with laser energy. At early times
(5 100 us), the radial expansion speed of the crown clearly
increases with laser pulse energy. After approximately
200 us, the radial expansion speeds appear to converge to
a common, constant value for all measured laser energies.

Figure 3b shows the crown width as a function of time for
various laser pulse energies (5, 10, and 20 mJ cases) each for
which the spot size was changed (70, 120, and/or 130 ym
FWHM). The crown width and its dynamics appear to be
independent of the spot size. Only at early time (¢ < 10 us)
the spot size influences the crown size both in terms of ini-
tial velocity and apparent initial diameter (see inset Fig. 3c).

Time

74 us 135 us 257 us

~ 5ns-long 560-nm backlight pulse using a controlled time delay after
laser pulse impact. The splash is imaged via a long-distance micro-
scope. In (c-h) images for different time steps after laser impact of a
30 mJ laser pulse are displayed. The size of a 70 ym Gaussian laser
spot is indicated to scale in (c¢). The definitions of splash crown height
H and width W are illustrated in (d)

These differences, however, quickly fade after ~ 10 us. Pre-
liminary qualitative analysis of the images suggests that the
size and number of droplets detached during the splash may
vary with spot size. A more detailed study of any remaining
differences between the laser-impact-induced splashes with
differing spot sizes is left for future work.

To further interpret and explain the dependence of
the evolution of the crown width on laser pulse energy,
as well as the lack of any clear such dependence on laser
spot size, we next introduce in our studies a dimensionless
crown width W* = W/D and time t* = tU/D in analogy to
droplet-impact studies, see e.g., Yarin et al. [2, 19]. Here,
D is the impactor length scale and U the impactor velocity.
It is shown in, e.g., Refs. [19-21] that the dimensionless
width W* is independent of impactor size and velocity, i.e.,
W* = f(t*). For the case of laser-impact-induced splashing,
these length and velocity scales need to be inferred from the
laser pulse properties.

First, the laser-impact length scale D, needs to be defined.
The laser spot size would appear to be the natural choice
for this length scale. However, the crown width dynamics
appear to be independent on spot size, as shown in Fig. 3b,
even though the laser fluence changes by more than a factor
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Fig.3 Crown width evolution of a laser-impact-induced splash in
time. a Results for a constant spot size of 70 pm (FWHM) for various
laser energies ranging 2.5-30 mJ. b Results for sets of energy (5, 10,
and 20 m]J cases) each for multiple spot diameters (70, 120, and 130 p
m). ¢ Early-time zoom-in of the 10 mJ case for the three spot sizes

three, comparing 70 to 130 pm spot sizes. Alternatively, we
study the axis intercepts of all measurements shown in Fig. 3
to obtain an initial crown width, extrapolating to the onset
moment of laser pulse impact. We find that linear fits of
the evolution of all crown widths over the first ~ 20 — 40 us
have y-axis intercepts ranging approximately 0.30-0.45 mm.
Considering this modest range and given the fact that no
systematic dependence on laser spot size from the linear
fits is found, we use D; = 0.4 mm as a typical and constant
length scale in the following. This length scale is signifi-
cantly larger than the beam spot sizes used (i.e. 70 - 130 u
m). This apparent decoupling of laser spot size from the
relevant typical length scales may be related to the initial
dynamics directly following the laser impact and plasma
expansion, which could not be sufficiently resolved in our
experiments.

Second, a typical liquid velocity U; needs to be defined.
To this end, we assume that the expanding plasma with pres-
sure P, imparts a momentum over an area A. The plasma
pressure scales with laser intensity as ~ I?, where expo-
nent g typically varies between 0.5 and 1.0 depending on
the experimental conditions [13, 15, 22, 23]. For tin droplet
targets hit by a Nd:YAG laser pulse, for instance, a power
scaling of 0.6 was accurately established [13, 15]. For solid
planar tin targets, hit by an energetic CO, laser pulse, a larger

@ Springer

power of 0.96+0.07 was experimentally found by Lakatosh
et al. [23]. As we are also dealing with a planar tin target
and with similar laser fluences, we would expect a similar
scaling of the total imparted momentum. Using p o I*°Az,,
with laser spot area A and pulse length 7, and combine this
with E = IAt[,, we find

p o« I°%At, = (E/At,)**°At, ~ E. (1)

Here, the transferred momentum scales linearly with pulse
energy to good approximation, p « E. Note that this scaling
is independent of spot size, in line with our findings above
related to the observed independence of the crown width
dynamics on spot size. We next make the ansatz that the typ-
ical momentum scaling directly translates to a velocity scal-
ing U; « E given the fact that the length scale D; remains
unchanged and with it, by assumption, the displaced mass.

The scaling of the typical velocities U, with laser pulse
energy E is obtained directly from the experiments using the
following procedure. We expect all measurements for the
crown width to collapse onto a single curve according to the
relation W* = f(¢*) following, e.g., Yarin et al. [19]. There-
fore, we next minimize the differences between all the curves
by varying ¢* through changing U, , thus ‘stretching’ the hori-
zontal axis to collapse the curves onto each other. Measure-
ment data for # < 200 us are used for the fitting procedure.
No collapse is expected for later times ¢ > 200 us where the
crown width velocities for all measurements appear to con-
verge to a common and approximately constant velocity (as
shown in Fig. 3) and other dynamics, such as those mediated
by surface tension, are at play.

The resulting collapse of all data is shown in Fig. 4a and
the associated relation of U; with laser pulse energy E, also
obtained from the procedure, is shown in Fig. 4b. The excel-
lent collapse of all data shown in Fig. 4a onto a single ‘mas-
ter’ curve indicates that the scaling of the hydrodynamic
response is well captured by a single parameter U, . Fur-
thermore, we note that the scaling of U; with pulse energy E
accurately follows a linear relation, in line with our predic-
tions from Eq. (1). The a priori unknown pre-factors C; and
C, in the linear relation U; = C,E + C, following Eq. (1)
can be assigned by determining the absolute value of veloc-
ity U, directly from the experiment. This value is obtained
from a linear fit to the early-time evolution (20 < ¢ < 40 us)
of the crown width of the 30 mJ example case, which gives
a slope of 17 m/s. Therefore, we set U, = 17m/s for the
30 mJ laser impact case. Applying this velocity as a cali-
bration factor for the unknown pre-factors C, and C,, we
obtain U, [m/s] = 0.5E[mJ] + 0.5. This relation serves as the
required input establishing the horizontal ¢* axis in Fig. 4a
and sets the vertical U, axis in Fig. 4b. The relatively small
0.5 m/s offset at E = 0 mJ may be explained considering
that the relation between U; and E cannot be expected to be
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perfectly linear especially towards the lower energies (close
to the ablation threshold of liquid tin). The threshold of the
formation of plasma, and the threshold of any accompany-
ing hydrodynamic response of the liquid, was shown to be
laser fluence dependent [13, 15] and to have a typical value
of ~5 J/cm?. This puts the current experiments well above
threshold, into the fully ablative regime [15]. We separately
note that any scaling law with power f < 1 gives rise to a
finite positive y-axis offset when approximated with a linear
function as in the current case.

The velocity magnitude can be compared with estimations
made using the Navier—Stokes equation dP/dx = pdv/dt,
with radial length scale dx, characteristic velocity v, and ¢
the time over which the pressure is applied. From the work
of Lakatosh et al. [23] we obtain a pressure P ~ 3 X 10° Pa.
This is done by extracting the recoil momentum at the rel-
evant laser fluence (this fluence corresponds to our 30 mJ
laser pulse energy example case above) and deriving the
corresponding exerted pressure averaging of the laser spot
size and pulse length as reported [23]. We note that the same
order of magnitude for the pressure is obtained using the
values from Kurilovich et al. [13, 15]. Using a 3 x 10° Pa
pressure as input for the Navier—Stokes equation we obtain
v ~ 20 m/s (averaging over our 8 ns pulse length 7,, inputting
0.4 mm as 2dx and taking the liquid density of tin p = 7.0 g/

6 T T

(a) 25mJ 5mJ 75mJ 10mJ 15mJ 20mJ 30mJ
70 pm (<) (<] <) [
5t 120 pm m 5] =] ] i
130 pm ¢ ¢

30
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Fig.4 a Collapse of the crown width over time for all laser-impact-
induced splashing measurements, with laser pulse energies ranging
2.5-30 mJ, and spot sizes of 70, 120, and 130 pm. This collapse is
obtained by introducing a dimensionless parameter space where
W* =W/D, and time ¢* = tU, /D, (see main text). b Characteristic
velocity U, extracted from the experimental data as a function of laser
pulse energy E. The dashed line shows the result of a linear fit to the
data

cm?) in excellent agreement with the value obtained directly
from the experiment.

For the impact of a droplet onto a liquid pool instead
of a laser pulse, the subsequent crown dynamics is often
described in terms of the ratio of the kinetic energy of the
impactor (with known impact velocity U and droplet diam-
eter D) to its surface energy as captured by the Weber num-
ber We = pDU? /o (see, e.g., Ref. [2]). Taking our observed
typical length scale and inferred velocity for the 30 mJ
example case as input for D and U, respectively, we find
We = 2000. Even though this estimate is tentative, splash
characteristics are indeed qualitatively similar comparing
droplet-impact with laser-impact induced splashing in Fig. 1,
where We = 2207 for the droplet-impact case [4].

4 Conclusion

The splash created from intense Nd: YAG laser pulse impact
onto a deep pool of liquid tin was studied experimentally
by time-delayed stroboscopic shadowgraphy. Various laser
spot sizes (70, 120, and 130 ym in diameter) and laser pulse
energies (ranging 2.5-30 mJ) were used, resulting in laser
fluences of ~ 10 — 1000 J/cm?. The time evolution of the
crown width was studied in detail. Similar to droplet-impact
induced splashing, we could collapse the data for the crown
evolution (for all laser energies and spot sizes) onto a single
master curve by the choice of appropriate length- and veloc-
ity scales. From this collapse, the expansion velocity of the
crown width was found to be linearly dependent on laser
energy, and to be independent of the laser focus spot size.
This scaling behavior could be explained based on previ-
ously derived plasma pressure scaling relations.

Our analysis further suggests that the crown dynamics
would also be independent of the pulse duration , in the
nanosecond pulse regime. Our studies of laser-impact-
induced splashing is particularly relevant for high-brightness
laser-assisted discharge-produced plasma (LDP) and laser-
produced plasma (LPP) sources of extreme ultraviolet light
for nanolithography, where similar laser pulse energies, spot
sizes, and pulse lengths are used for the generation of plasma
from liquid tin targets. We further note that ‘impactor-free’
liquid metal splashing such as in the current case is also a
critical concern in fusion reactors of the tokamak type. Mil-
lisecond transients in the fusion plasma can deliver signifi-
cant heat loads and pressure [24] to advanced liquid metal
heat shields [25, 26] which may subsequently splash, poten-
tially disrupting the plasma reactor. Preventive measures can
be taken, such as the use of porous structure in which the lig-
uid is constrained by capillary forces. Nevertheless, reliably
preventing splashing in tokamaks is a critical issue for stable
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operation, and the design of mitigation schemes may benefit
from further insights such as those presented in this work.
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