

View

Online


Export
Citation

CrossMark

RESEARCH ARTICLE |  NOVEMBER 21 2023

Laser-induced, single droplet fragmentation dynamics
revealed through megahertz x-ray microscopy 
Fabian Reuter   ; Tokushi Sato (佐藤篤志)  ; Valerio Bellucci  ; Sarlota Birnsteinova  ;
Carsten Deiter  ; Jayanath C. P. Koliyadu  ; Romain Letrun  ; Pablo Villanueva-Perez  ; Richard Bean  ;
Adrian P. Mancuso  ; Alke Meents  ; Patrik Vagovic  ; Claus-Dieter Ohl 

Physics of Fluids 35, 113323 (2023)
https://doi.org/10.1063/5.0171225

 21 N
ovem

ber 2023 12:56:09

https://pubs.aip.org/aip/pof/article/35/11/113323/2922878/Laser-induced-single-droplet-fragmentation
https://pubs.aip.org/aip/pof/article/35/11/113323/2922878/Laser-induced-single-droplet-fragmentation?pdfCoverIconEvent=cite
https://pubs.aip.org/aip/pof/article/35/11/113323/2922878/Laser-induced-single-droplet-fragmentation?pdfCoverIconEvent=crossmark
javascript:;
https://orcid.org/0000-0002-8908-4209
javascript:;
https://orcid.org/0000-0003-3155-3487
javascript:;
https://orcid.org/0000-0003-4878-795X
javascript:;
https://orcid.org/0000-0002-3446-9611
javascript:;
https://orcid.org/0000-0003-0268-6256
javascript:;
https://orcid.org/0000-0002-0245-3842
javascript:;
https://orcid.org/0000-0002-0569-5193
javascript:;
https://orcid.org/0000-0002-4671-790X
javascript:;
https://orcid.org/0000-0001-8151-7439
javascript:;
https://orcid.org/0000-0003-1710-8969
javascript:;
https://orcid.org/0000-0001-6078-4095
javascript:;
https://orcid.org/0000-0002-9083-6447
javascript:;
https://orcid.org/0000-0001-5333-4723
javascript:;
https://doi.org/10.1063/5.0171225
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2219938&setID=592934&channelID=0&CID=814978&banID=521401185&PID=0&textadID=0&tc=1&scheduleID=2141444&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&matches=%5B%22inurl%3A%5C%2Fpof%22%5D&mt=1700571369800694&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fpof%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0171225%2F18221512%2F113323_1_5.0171225.pdf&hc=8e25733769561d58126e02f852b23da1340eae9a&location=


Laser-induced, single droplet fragmentation
dynamics revealed throughmegahertz x-ray
microscopy

Cite as: Phys. Fluids 35, 113323 (2023); doi: 10.1063/5.0171225
Submitted: 7 August 2023 . Accepted: 26 October 2023 .
Published Online: 21 November 2023

Fabian Reuter,1,2,a) Tokushi Sato, (佐藤篤志)1 Valerio Bellucci,1 Sarlota Birnsteinova,1 Carsten Deiter,1

Jayanath C. P. Koliyadu,1 Romain Letrun,1 Pablo Villanueva-Perez,3 Richard Bean,1

Adrian P. Mancuso,1,4 Alke Meents,5 Patrik Vagovic,1,5 and Claus-Dieter Ohl6

AFFILIATIONS
1Faculty of Natural Sciences, Institute for Physics, Otto von Guericke University Magdeburg, Universit€atsplatz 2, 39106
Magdeburg, Germany
2European XFEL GmbH–The European X-Ray Free-Electron Laser, Schenefeld, Germany
3Synchrotron Radiation Research and NanoLund, Lund University, Lund, Sweden
4Diamond Light Source Ltd., Harwell Science and Innovation Campus, Didcot OX11 0DE, United Kingdom and Department of
Chemistry and Physics, La Trobe Institute for Molecular Science, La Trobe University, Melbourne, Victoria 3086, Australia

5Center for Free-Electron Laser Science (CFEL), DESY, Hamburg, Germany
6Faculty of Natural Sciences, Institute for Physics, Otto von Guericke University Magdeburg, Universit€atsplatz 2,
39106 Magdeburg, Germany

a)Author to whom correspondence should be addressed: Fabian.Reuter@ovgu.de

ABSTRACT

The fragmentation dynamics of single water droplets from laser irradiation is studied with megahertz frame rate x-ray microscopy. Owed to
the nearly refraction-free and penetrating imaging technique, we could look into the interior of the droplet and reveal that two mechanisms
are responsible for the initial explosive fragmentation of the droplet. First, reflection and diffraction of the laser beam at the droplet interface
result in the formation of laser ray caustics that lead to non-homogeneous heating of the droplet, locally above the critical temperature.
Second, homogeneous cavitation in the droplet that is likely caused from shockwaves reflected as tension waves at the acoustic soft bound-
aries of the droplet. Further atomization occurs in three stages, first a fine sub-micrometer sized mist forms on the side of the droplet poste-
rior to laser incidence, then micrometer sized droplets are expelled from the rim of an expanding liquid sheet, and finally into droplets of
larger size through hole and ligament formation in the thinning liquid sheet where ligaments pinch off.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0171225

I. INTRODUCTION

Atomization is the process of fragmenting larger liquid masses
into smaller droplets and fine sprays.1 It may be desirable in industrial
and medical applications, yet it also could be undesired in modern liq-
uid droplet shaping.2 In many of the processes resulting in droplet
atomization, shock waves interact either externally with the droplet3 or
are created within. For example, the impact of rain on fast-moving
planes and trains results in shock and expansion waves that once
launched within the droplet may atomize the droplet by overcoming
the yield strength of the liquid. In particular, expansion waves formed

upon an acoustic soft reflection of shock waves may cause a vapor
phase explosion within the droplet.4

In addition to the droplet impact, pressure waves may be gener-
ated with pulsed lasers5–8 or x-ray illumination.9 When the liquid is
opaque to the radiation, momentum can be transferred through the
vaporization of a thin layer of liquid, thus propelling and deforming
the liquid sphere into a thin and radially expanding sheet.2,10,11 At
higher laser intensities within nontransparent droplets, shocks may be
launched that result in spallation and cavitation within the drop-
let.12–17 In less-absorbing liquids, this phase transition may be initiated
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through an optical breakdown, resulting in an explosively expanding
vapor bubble that also launches shock waves. The complexity of the
droplet atomization is caused by the interaction of the shock waves
and cavitation bubbles with the liquid–gas interface, giving rise to
Rayleigh–Taylor instabilities,18 spallation, and secondary cavitation. A
technical application is the shaping of droplets into thin sheets, which
is a prerequisite for the generation of extreme UV light. This is cur-
rently done through pulsed laser illumination of liquid tin droplets.
With increasing laser intensities or smaller droplet sizes, the droplet
may not form a sheet but grows in volume and develops radially out-
ward pointing jets on its surface; both features are driven by expanding
cavitation bubbles within the droplet. Yet it is not clear where the
phase transition occurs. Even in a surrogate liquid such as water, the
small size of the droplet prevents a look into the complex fluid dynam-
ics at very short time scales when using visible light.

The time-resolvedMHz x-ray microscopy developed at European
XFEL19 used here overcomes these limitations. In particular, the nearly
refraction-free illumination offers a view into the droplet and also has
a nearly infinite depth of field to resolve the three-dimensional frag-
mentation dynamics.

II. EXPERIMENTAL SETUP

A sketch of the droplet generation and laser-fragmentation setup
is given in Fig. 1 (bottom). A single, sub-millimeter-sized droplet of

de-ionized water was acoustically levitated in air. The beam of a pulsed
laser (wavelength: 1030nm, pulse energy attenuated to 1 mJ, pulse dura-
tion 850 fs, and spot size FWHM 350 lm; laser developed at European
XFEL facility20,21) was made slightly convergent with a lens located close
to the droplet (focal length f ¼ 750mm) and aligned to completely illu-
minate the droplet from one side. As the droplet was hit by the laser, a
rapid phase explosion fragmented the droplet. The fragmentation
dynamics was recorded with the MHz x-ray microscopy setup developed
within an internal R&D project of European XFEL, based on an indirect
x-ray detector, a fast scintillator, a diffraction limited optical microscope
with near ultraviolet (NUV) optics, and two megahertz cameras
Shimadzu HPV-X2. A magnification was obtained with a 10� objective
(Mitutoyo long working distance objective, 10�, NUV, 0.28NA) result-
ing in an effective pixel size of 3.2lm. The x-ray pulse repetition rate is
1.125MHz, and both high-speed cameras are synchronized to the x-ray
pulses to record one image per x-ray pulse. Additionally, the cameras are
aligned back to back in time, extending the image buffer to 256 frames at
full spatial resolution instead of the 128 frames for a single camera. The
schematic configuration of the experiment is sketched in Fig. 1 (top).

An avalanche photodiode was used to measure the instance of
laser pulse impact on the droplet with respect to the first frame of the
imaging series where the uncertainty is estimated to be below 1ns,
which results from the uncertainty of the distance between droplet and
photodiode and the finite speed of light.

FIG. 1. Schematics of experimental arrangement with direct beam illumination at SPB/SFX instrument at EuXFEL (top) and sample setup (bottom). A water spray is produced
through a nozzle, and a water droplet (of a specific size) is trapped in the standing wave field of the acoustic levitator. A mildly convergent laser pulse explosively fragments the
quiescent droplet. The time-resolved dynamics are recorded in the x-ray imaging section.
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To study a symmetric and unbounded droplet, a single droplet
was trapped in an in-house built acoustic levitator based on the
TinyLev design.22 It consists of two spherical caps, each equipped with
36 piezoelectric transducers. The spherical caps are mounted at a dis-
tance of � 125mm to form a standing wave when driven at 80 kHz.
Electric driving powers were set between 5 and 15W allowing to trap
droplets with a final radius rd between �40 and �80 lm. These
parameters allow the trapping of spherical droplets that do not show
oscillations in the sound field. From the spray, a single droplet was
acoustically trapped and levitated along the axis of cylindrical symme-
try near the center of the levitator. The droplet generation and trap-
ping had to be automatized, as physical access to the setup was limited
during beam time. Therefore, a simple and robust remote solution of
droplet generation was found by first producing a spray of fine drop-
lets, from which then individual droplets at various pressure nodes are
trapped. The spray naturally contains a broad range of combinations
of droplet sizes, velocities, and injection positions with respect to the
acoustic field. Thus, the necessary conditions for droplet trapping are
met in some cases without the requirement for fine-tuning or readjust-
ment of experimental parameters during the test runs. This is further
discussed in Appendix A, where also a microscopic high-speed video
of the spray passing through the sound field and the trapping of drop-
lets is provided (Fig. 8, Multimedia view). A short spray burst was gen-
erated from de-ionized water through a nozzle of diameter �315 lm.
The de-ionized water was filled into a pressurized reservoir with a
gauge pressure of ps � 2:5 bar connected to an air supply line. The
burst duration was about 150ms controlled with a magnetic valve.
Due to the finite opening time of the valve and the elasticity of the tub-
ing, the spray needed some time to develop, i.e., reach the desired fine
droplet sizes and large velocities in the spray. Therefore, a servo-driven
mechanical shutter was employed about 2 cm in front of the nozzle
exit that unblocked the spray for about 30ms only once the spray had
fully formed. After a few seconds, once the droplet was quiescently
trapped, the measurement started with the firing of the laser pulse and
triggering of the x-ray high-speed imaging. The remote control of the
repeated droplet generation was conducted with a microcontroller that
controls the magnetic valve and the mechanical shutter.

A. Image processing and droplet tracking

All images are pre-processed in the following way: a high-pass
Fourier filter (cutoff wavelength 80 pixels) is used to remove vertical
and horizontal stripes from the x-ray background illumination. Then,
a flat-field correction is employed, where the flat field image is
obtained from the median intensity of the entire time series. As the
brightness varied between each x-ray pulse in the pulse train, the inten-
sity in each frame is further normalized to its background brightness.
The background brightness is measured via a Gaussian fit to the main
peak in the intensity histogram of each frame using MATLAB. This
gives uniform contrast throughout each image and the entire imaging
series, necessary to automatically track droplets between frames. The
tracking is achieved using the TrackMate Plugin23 in Fiji. Droplets are
identified using the threshold detector and linked in time using the
“Kalman” tracker. The intensity along the droplet boundary is resolved
using a cubic fitting to achieve some sub-pixel accuracy, and the radius
is estimated from the droplet area. We estimate the accuracy to be of
half a pixel. Each identified droplet typically contains more than ten
measurements in ten subsequent frames resulting in an uncertainty in

droplet radius of 0:5 lm. Droplet velocities are calculated from the dif-
ference between start and end point along one path and divided by the
total frame time. The frame time error is negligible, and the uncer-
tainty stems from the expected error in droplet localization. With a
localization error of a droplet center of half a pixel, one obtains an
uncertainty of 0.17m/s. For illustration, the video sequence with
tracked droplets is shown in Fig. 9 (Multimedia view). The tracking
data are exported to MATLAB and filtered to exclude objects that are
not correctly detected droplets for which the following criteria are
used. Not reliably and consistently detected objects are excluded, i.e.,
objects that are detected in too few frames. Objects with too large
radius variations over time, as these likely stem from droplets incor-
rectly linked in time, are excluded. Objects with too little circularity,
mainly caused by detecting liquid filaments instead of spherical drop-
lets, are excluded.

B. Numerical modeling

To reveal the temperature distribution of the droplet interior, a
laser-induced heating is modeled using COMSOL Multiphysics for a
spherical water droplet of radius rd ¼ 75 lm in cylindrical symmetry.
Therefore, the COMSOL ray tracing module is coupled with the heat
transfer from the solid module, which is applicable to the liquid here,
as the timescale of heat convection is much longer than the time of
heating, i.e., the laser pulse duration is less than sl ¼ 1 ps. The time-
scale of thermal convection can be estimated as sc ¼ g

qbDTrdg
, with the

mass density of water q ¼ 1000 kgm3, the thermal expansion coeffi-
cient b ¼ 0:000 214 K�1, the temperature difference between room
temperature and the critical temperature of water DT ¼ 354 K, the
gravity acceleration g ¼ 9:81m s�2, and the dynamic viscosity of
water g ¼ 0:000 89 Pa s. Then, sl

sc
¼ 1 ps

16ms ¼ 6:25� 10�11, i.e., heat
convection is negligible here. Similarly, thermal diffusion can be
neglected here as its characteristic timescale is sd ¼ r2d=a ¼ 38:5ms,
where a ¼ 0:146mm2 s�1 is the thermal diffusivity of water, i.e.,
sl
sc
¼ 2:6� 10�11. As the droplet diameter 2rd is much smaller than

the laser beam diameter (FWHM laser beam: � 350lm), the beam
intensity can be considered homogeneous across the droplet cross sec-
tion. Consequently, the laser rays causing the heating are approxi-
mated with parallel rays of uniform intensity hitting the droplet with
an initial uniform temperature of 293K (room temperature). The
locally absorbed laser power is proportional to the ray power and given
via the imaginary part of the optic refractive index of water at the
wavelength of 1030 nm, i.e., =ðnÞ ¼ 3:2� 106. The variation of the
refractive index with temperature is neglected, as the thermo-optic
coefficient of water in the relevant range is rather small:
@n=@T � �1:5� 10�5 K�1, see Ref. 24.

III. RESULTS

Figure 2 presents the early laser-induced fragmentation dynamics
recorded with x-ray imaging. It is a composite image from three differ-
ent droplets recorded at different time delays with respect to the laser
to virtually increase the temporal resolution beyond the framing rate
of 1.125MHz. We evaluated the fragmentation dynamics for droplet
sizes between rd � 40 and rd ¼ 81 lm. Within this size range, the
droplet fragmentation qualitatively shows the same dynamics, which
was confirmed visually. The droplet appears dark due to the x-ray
absorption, with a bright fringe caused by a phase contrast, which is a
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result of the difference in refractive index between water and air in
combination with the coherent x-ray illumination.25,26

A mass density variation from superheated and potentially evapo-
rated water is visible in the droplet sphere posterior to the laser incidence.
From here, a phase explosion leading to the droplet fragmentation is initi-
ated. In the second frame, t ¼ 92:5 ns a cavity has formed that will rup-
ture to the atmosphere. In addition, the droplet surface appears rough and
at t ¼ 185 ns many small vapor cavities in the droplet are expanding.
Vapor bubbles can be nucleated either thermally or mechanically, i.e.,
from low pressures. Below we will show that bubbles are also similarly
nucleated where temperatures are clearly below the boiling point of water.
Here, we could not directly observe shockwaves. However, earlier work
has shown that laser-induced heat deposition resulting in a phase explo-
sion launches shock waves.27 A shockwave traveling within a droplet is
reflected at the water–air interface with a phase jump, i.e., the leading posi-
tive pressure pulse of the shock front is converted into a tensile pulse as
the acoustic impedance of water is much larger than that of air.28 This ten-
sile phase can induce cavitation nucleation within the droplet.3,17 Around

t ¼ 4R=c ¼ 150 lm=1483ms�1 ¼ 200 ns, where c ¼ 1483ms�1, i.e.,
roughly in the third frame t ¼ 185 ns, the reflected shockwave must have
passed through the entire droplet. Here, density fluctuations are also seen
within the intact left side of the droplet they grow into the bigger bubbles
shown in the fourth frame connect with the right cavity and start ejecting
droplets into the atmosphere. As the time of bubble nucleation is consis-
tent with the time of bubble nucleation and thermal effects can be
excluded at this timescale (see below), we conclude that the reflected
shockwave is responsible for the vast bubble nucleation within the droplet.

The subsequent dynamics are shown in Fig. 3. They occur on a
longer timescale; thus, the presented frames are selected from a single
droplet experiment. The main cavity formed by the phase explosion
expands, while the remaining left part of the droplet is ejected to the
left of the frame. The secondary cavitation bubbles in the remaining
droplet are collapsed around t ¼ 3:6 ls. This short lifetime is known
for cavitation bubbles driven by a constant static pressure of 1 bar
from a maximum radius of Rmax ¼ 20lm. This size is in agreement
with the sizes of bubbles found in Fig. 3 at t ¼ 1:8 ls.

FIG. 2. Initial dynamics of the exploding droplet. To achieve an increased temporal resolution, two frames from similar droplets imaged at different delays with respect to the
heating laser pulse are inserted in between the first and the last frame. The time delays with respect to the laser for the four frames are 18.5, 92.5, 185, and 907 ns. Images
are scaled in size to ease comparison, as rd differs between the experiments [note the different scale bars, from left to right: rd ¼ 80; 62; 81; and 80 lm (62:5lm)]. The laser
beam is incident from the left.

FIG. 3. X-ray imaging of laser-induced fragmentation dynamics of a single water droplet levitated in the acoustic trap. The arrows in the first frame indicates the direction of the
incident laser beam. Times in each frame are given with respect to the fragmenting laser pulse.
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An interesting detail is the formation of a thin liquid ligament
pointing to the left from the apex of the crescent shaped droplet, see
arrow at time t ¼ 6:2 ls. This splash has been noted before.29 The
x-ray imaging technique here allows connecting this splash with jetting
from secondary cavitation bubbles close to the droplet surface, i.e.,
between t ¼ 2:7 and t ¼ 3:6 ls. Bubbles, collapsing near an air–liquid
interface, are known to form these so-calledWorthington jets.30

As the main cavity opens, the surrounding liquid is further
stretched and eventually breaks up, see, for example, t ¼ 18:7 ls, where
on the left part, the liquid film appears still intact, while in the middle
and right part of the image, it has already broken up into filaments that
further pinch off into droplets. We can identify three temporal regimes
in Fig. 3: Initially, sub micrometer-sized droplets are produced during
the violent initial dynamics due to the phase explosion, indicated with
the arrow at t ¼ 0:9 ls. Then, micrometer sized fragments are ejected
from the rim at the back of the expanding liquid film, see arrow at
t ¼ 1:8 ls. At the later stage, larger droplets are formed as a result of the
rupture of the liquid film leaving behind ligaments that break up due to
the Rayleigh–Plateau instability, see arrow at t ¼ 18:7 ls.

Prior to the ejection, a structure on the distal part of the droplet is
visible, see frame t ¼ 18:5 ns. This phase contrast is likely caused by a
modulation of the refractive index, which is a function of pressure and
temperature. To understand this pattern, we numerically model the
temperature increase in the droplet from deposition of laser energy
using a ray tracing method, which is suitable for the present droplet
size.31 Figure 4 shows the ray propagation through the droplet for

subsequent times. The rays are entering from the left and are refracted
at the droplet interface proximal to the laser (t2), i.e., the droplet acts as
a spherical lens. Its focal length is outside the droplet, and most of the
ray energy is transmitted (t3) through the posterior droplet interface.
Yet, a small fraction of the ray power is reflected into the droplet.
These rays form a funnel-shaped caustic, see Ff and converge finally to
a focal region Fm within the droplet, see t4. Additionally, a secondary
focus of lower intensity is formed at t5 as a result of secondary reflec-
tions of the rays. The ray caustics appearing in t3 and t4 indicate locally
high laser intensities.

In t4, they are compared to the droplet image, at t ¼ 18:5 ns from
Fig. 2, in an overlay. The caustics nicely overlap with the structures
seen in the experimental frame, thus supporting our hypothesis that
laser-induced heating is responsible for the vapor explosion. With this
knowledge, we can model the temperature field within the droplet, as
shown in Fig. 5.

As a result, the highest temperatures are reached at the focal spot
Fm and within the funnel shape in the grayish regions, see Fig. 5(a).
There, the critical temperature of water is exceeded. These two sites are

FIG. 4. Ray tracing of the laser beam used for droplet fragmentation for subsequent
times t1 ;…; t5. The cross section of the upper half of the droplet is shown, and the
beam is incoming from the left. The lower horizontal corresponds to the axis of cylin-
drical symmetry. The ray power is color-coded, where red indicates the highest and
dark blue the lowest power in arbitrary units. As each ray represents the power of all
rays given by the cylindrical symmetry, rays that are started farther from the optical
axis appear red. At the posterior interface of the droplet, a small fraction of the incom-
ing power is reflected. These rays appear blue (t4) and converge to the focal region
Fm. For t4, an image of the droplet 18.5 ns after the laser pulse is overlaid. It shows a
characteristic modulation of index of refraction at the distal side that matches with the
funnel shaped ray optic caustic prior reflection at the posterior droplet wall (orange
arrows) and after reflection at this wall before reaching the focus Fm (blue arrows).

FIG. 5. Temperature distribution in the water droplet of radius rd ¼ 75 lm from
absorption of the laser pulse. The laser is incident from along the x-axis from the
left. The color scales are cropped at the critical temperature of water of 647 K in (a)
and the boiling temperature of 373 K in (b), i.e., grayish regions in the droplet indi-
cate phase explosion and potential boiling, respectively.
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consequently expected to be the locations of phase explosion.
Figure 5(b) shows the same view, yet the gray colors indicate tem-
peratures above the boiling temperature. This volume is metastable
and prone to a liquid–vapor phase change.

The temperature distribution shown in Fig. 5(b) offers some
insight to connect the fragmentation dynamics shown in Fig. 3 with
the laser propagation. The gray-colored part of the droplet heated
to the critical temperature explosively expands into vapor and ejects it
to the posterior droplet side. In contrast, the yellow-colored colder
region in Fig. 5(b) on the left is not directly evaporated but remains
liquids and moves due to momentum conservation to the left. As a
result, these colder upper and anterior parts of the droplet become
stretched and fragment into filaments. The main cavity in the droplet
is surrounded by a thin liquid layer that corresponds to the unheated
(dark) regions outside the funnel-shaped heating region in Fig. 5.

At the second focal region (see Fig. 4 at t5), another small whitish
region is formed in the axial symmetry of the simulation (see Fig. 5), i.e.,
some phase explosion may be expected here too. However, we do not
detect a phase modulation in Fig. 2 at the second focus. This second focus
is a result of diffraction and repeated ray reflection at the water/air inter-
face, and probably, slight deviations from the perfect symmetry accumulate
and result in a broadened second focus. In addition, the high intensities
at the first focal regionmay produce non-linear effects effectively absorbing
the light more than in our linear and static model accounted for,
reducing the energy delivered to the second focal region. The refraction
geometry of the droplet is self-similar, i.e., the length scale of focal regions
of the laser and their location within the droplet scale with rd.

A. Spray dynamics

In the initial stage of explosive ejection, small droplets are ejected
from the laser focus side and the rim of the developing thin liquid

sheet, and we see that after about � 5 ls, liquid ligaments are formed
that successively break up into droplets. The velocity and size of this
spray, produced at the later stage, can be quantified from the high-
speed recordings due to the near infinite depth of focus of the imaging
arrangement. An example of the sheet dynamics and resulting spray is
shown in Fig. 6(a). Here, the rim of the liquid sheet moves leftward,
eventually leaving the field of view. Holes in the sheet appear and sub-
sequently grow, resulting in the formation of filaments (t ¼ 24 and
t ¼ 40ls). These filaments further fragment by droplet pinch-off. The
process resembles the breakup of a thin liquid film subjected to an
impulsive acceleration, see, for example, Bremond and Villermaux32

and Villermaux.1 There the instability of the liquid film is induced by a
Rayleigh–Taylor instability forming holes in the film that expand and
result in a “web of liquid ligaments.” The later breakup of the corru-
gated liquid ligament due to capillary destabilization into droplets has
been described by Villermaux et al.33 They proposed that this distribu-
tion contains droplets that are larger in radius than the ligament
radius, and the distribution follows a C-function,

pðx ¼ R=hRiÞ ¼ nn

CðnÞ x
n�1e�nx; (1)

where n is a fit parameter. Also, we normalize the droplet radius with
the mean droplet radius hRi. The experimentally obtained distribution
of the droplet sizes is given in Fig. 6(b). It shows the probability density
function of droplet radii for the time when no more ligaments are seen
and no further droplet fragmentation is observed, i.e., during the time
interval of 93–114ls. As fit parameter, a value of n¼ 3.94 is obtained,
which is a typical value for corrugated filaments.1 The droplet mean
diameter is hRi ¼ 3:49 lm, i.e., significantly below of what could be
measured in a volumetric spray using optical techniques even with
advanced optics and smart image processing algorithms.34

FIG. 6. Spray dynamics and characterization during a later stage when the ligaments are further pinching off. (a) Spray dynamics, please note the larger field of view as com-
pared to Fig. 3. (b) Probability density function of droplet radii and fit using Eq. (1) with hRi ¼ 3:49 lm and n¼ 3.94. (c) Mean droplet velocity in the spray as a function of
time. Please see Fig. 9 for a video of spray evolution and droplet tracking.
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The droplet mean velocity hvi is about 12ms�1 at t ¼ 24ls and
decreases for later times as the faster droplet moves out of the imaging
section, see Fig. 6(c). From droplet sizes and their velocities, in addi-
tion, the total surface energy Er ¼ PN

i¼1 4pR
2
i r and kinetic energy

Ekin ¼ PN
i¼1 4=3pR

3
i qv

2 can be estimated, where Ri and vi are the
radius and velocity of the ith droplet and r and q are the coefficient of
surface tension and the specific mass density of water, respectively,
and the sum is taken over all N particles in the frame. To study the
spray, we only consider round droplets and exclude filaments from the
evaluation as described in Sec. II, and average over the time interval
56–72 ls, that is when the spray is almost fully formed, but the faster
droplets are still within the imaging section, and find Er ¼ 3:01 nJ and
Ekin ¼ 3:96 nJ, i.e., both energy forms are of similar value within the
spray.

A measure for the symmetry of fragmentation is the relative net
momentum associated with the spray in the x- and y-directions,

respectively, pxjy ¼ PN
i¼1 v

xjy
i 4=3pR3

i q=
PN

i¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
vxi 2 þ vyi 2

p
Þ4=3pR3

i q,
which should be zero for an ideally symmetric dynamics. We evaluate
the droplet momentum only within a section symmetric around the
initial droplet and find averaged over t ¼ 0� 114 ls, i.e., over all times
of the imaging series, px ¼ 1:3% and py ¼ 3:4%. This implies indeed a
good approximation of symmetric fragmentation.

IV. CONCLUSIONS

Megahertz x-ray microscopy of explosive laser-induced droplet
fragmentation offered an unprecedented look into the droplet just
prior and after the phase explosion that would have not been possible
with visible light. As a result, two distinct mechanisms of phase transi-
tion and thus of atomization are revealed: (1) the localized heating of
the droplet above the critical temperature resulting in a phase explo-
sion and (2) the nucleation of homogeneous cavitation, likely from
shockwave reflection at the liquid–gas boundaries. The morphology of
the non-homogeneously, axisymmetrically heated region agrees well
with the optical caustics within the droplet. The virtually unlimited
depth of field enabled the in-focus imaging of the sheet breakup and
filament dynamics, supporting a breakup scenario proposed by
Villermaux et al.33 With the megahertz x-ray microscopy setup, the
fragmentation process of droplets can be elucidated where visible light
has met its limits, e.g., for microscopic multi-component droplets and
droplets of liquid metals.
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APPENDIX: ACOUSTIC TRAPPING OF THE DROPLETS

Here, by generating a spray, a huge span of initial conditions,
i.e., combinations between droplet size and velocities, is realized.
This way, some droplets in the spray perfectly match the conditions

FIG. 7. Photograph of five stable water droplets along a line (interdroplet distance
k=2 � 8:6mm) in the acoustic levitator. The lower levitator dish with some acoustic
transducers and electrical connections on the backside is also visible.
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for acoustic trapping. This “statistical” spray approach to prepare
single droplets was found beneficial in our automatic droplet trap-
ping setup, as it circumvents many complications that we encoun-
tered in pretests using precise single droplet generation. For
example, employing a droplet generator required a precise align-
ment of the droplet injection position, angle, and droplet ejection
velocity with respect to the sound field. This alignment at the
desired low acoustic intensities is very sensitive and would require
continuous re-adjustment to account for thermal drift of the acous-
tic resonator or varying air flow in the experimental chamber. An
example of droplets in successive nodes of the acoustic trap is
shown in Fig. 7. A high-speed movie of the droplet trapping in the
acoustic field is available online, see the snapshot in Fig. 8.
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