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ABSTRACT
We experimentally study the mass distribution of a sheet of liquid tin formed by the impact of a ns-laser pulse on a spherical microdroplet.
The mass distribution is obtained using a low-intensity, second ns-laser pulse, which induces vaporization of the stretching thin tin sheet.
This careful vaporization enables the investigation of the thickness profile of the sheet, and its mass, at early times after laser pulse impact
on a droplet, which have remained inaccessible by the methods used in recent work [B. Liu et al., Phys. Rev. Appl. 13, 024035 (2020)]. The
vaporization method, moreover, allows the visualization of the thick rim that bounds the thin sheet. Our results unambiguously demonstrate
that increasing the energy of the ns-laser pulse incident on the droplet, which enables reaching a predetermined target radius more quickly,
results in a larger mass fraction remaining in the sheet. Specifically, our studies show a doubling of the sheet mass fraction by reducing the
required expansion time. As a corollary, less tin will end up in other channels of the mass distribution, such as fragments surrounding the
sheet. Accordingly, more mass would be available in the target sheet for interaction with the more energetic, main laser pulse that is used in
the industry to produce a hot and dense plasma from tin sheet targets in order to create extreme ultraviolet light for nanolithography.
© 2021 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/10.1063/5.0036352

I. INTRODUCTION
State-of-the-art nanolithography machines make use of extreme
ultraviolet (EUV) light, which enables the continued miniaturization
of semiconductor devices.1–6 In order to generate the EUV radiation,
liquid tin microdroplets are used as mass-limited targets in a
dual-laser-pulse irradiation sequence. First, a nanosecond laser pulse,
termed pre-pulse (PP), irradiates the tin microdroplet, causing it to
deform into a liquid sheet within a few microseconds.7–12 The sheet
typically has a diameter of several hundreds of micrometers and
thickness of several tens of nanometers.10,11 As the sheet expands, a
bounding rim is formed at the edge of the sheet.11 From this rim, a
myriad of small fragments is propelled outwards along the radial
direction.8–12 When the sheet has reached a specified diameter, a
second, more energetic main-pulse is used to generate a dense and
hot tin plasma that emits the relevant EUV radiation.13
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Recently, our group reported on the hydrodynamic mechanisms that govern the thickness profile of nanosecond laserinduced sheets of liquid tin.11 The experimental observations were
used to benchmark a physical model that predicts the instantaneous sheet thickness and, from that, the mass of the sheet.
Building on previous works,7,14–17 our research further confirmed
the continuous loss of mass from the sheet over time. Remarkably,
less than half of the initial amount of tin was found to remain in
the sheet under currently relevant industrial conditions.11,18,19 This
finding is particularly pertinent in the context of EUV source lifetime, which is adversely impacted by tin debris. Our results further
indicated that using a relatively more energetic PP could be beneficial: increasing the PP energy leads to a faster initial expansion rate
of the target sheet, and thus any desired sheet size is reached earlier
in the expansion trajectory, when more tin is carried by the sheet.
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To validate this proposition, knowledge of the sheet morphology at
earlier times is needed. Since, inherently, the two methods previously used in Ref. 11 to determine the thickness profile are limited
to mid- and late-time delays, we here employ an alternate method
that is based on laser-induced vaporization. In this case, the sheets
to be investigated will be irradiated by an auxiliary laser pulse,
termed vaporization pulse (VP). This VP induces vaporization that
gradually thins, or rarefies, the sheet into a mist comprising nanoparticles and, possibly, atomic tin. The vaporization process serves
as a probe to estimate the amount of tin carried by the sheet: by
measuring the time required to locally vaporize the sheet, we can
infer its thickness profile at early time delays unattainable by the
previously used methods. The obtained sheet thickness profile
finally yields the fraction of the initial volume (or, equivalently,
mass) still contained in the sheet.
In this paper, we investigate the tin mass distribution during
laser-induced droplet deformation by introducing a method that
allows us to obtain thickness profiles from careful laser-induced
vaporization. Three target sheets are selected, representing the mass
distributions formed using various PP energies and at different
stages of the expansion process. All these targets share a common
sheet radius Rsheet  210 μm (referred to as Rw hereafter) when we
probe their thickness profile and mass content using the auxiliary
VP. This common sheet radius Rw lies within the range of diameters relevant for EUV generation in an industrial setting18,19, where
this diameter range is set to a large degree by the diameter of the
main-pulse. We use two different PP laser energies to demonstrate
a higher mass content to be contained within the sheet when employing a higher PP energy. Additionally, we investigate two targets resulting from a constant PP energy yet at different moments during the
expansion trajectory. We discuss the results stressing the importance
of the time delay after the PP impact on the droplet as the key parameter that ultimately determines the mass distribution of the target.
II. EXPERIMENT AND METHODS
In the experiment, a droplet generator, mounted on a tiltable
bellow assembly, dispenses a vertically aligned microdroplet train of
liquid tin (temperature 260  C, density ρ ¼ 6968 kg=m3 , and
surface tension σ ¼ 0:55 N=m) into a vacuum environment
(107 mbar) with a velocity and repetition rate of approximately
10 m s1 and 31.5 kHz, respectively. The droplets have a diameter
of D0 ¼ 2R0  29 μm (where R0 is the droplet radius that is established with an uncertainty of +0:5 μm ) and a stable position, with
instabilities on the order of a single micrometer in both horizontal
and vertical directions. The droplet stream passes through a horizontal light sheet produced by a helium–neon laser and positioned
approximately 2 mm above the center of the vacuum vessel, i.e., the
laser–droplet interaction point. The consequent light scattered by
the droplets is detected by a photo-multiplier tube and the
kHz-frequency signal is down-converted to 10 Hz to serve as a
trigger for the acquisition and laser systems. For further details on
the droplet generator setup, see also Ref. 20.
Two circularly polarized laser beams from independent
Nd:YAG systems operating at 1064 nm wavelength are collinearly
aligned onto the droplet.21 The timing sequence of the laser pulses
from these two systems is illustrated in Fig. 1(a). The PP, with a
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Gaussian 10 ns (full width at half maximum, FWHM) temporal
shape, is focused down to a Gaussian spot with a size of 55 μm
(FWHM) at the location of the droplet. The VP, delayed by a time
interval Δt, is produced by an in-house built system with arbitrary
pulse shaping capabilities.22 The system is programmed to output a
temporally square 50 ns pulse, and its top-hat spatial profile is
imaged onto the target with a beam diameter of  950 μm.
Therefore, the VP has a constant intensity distribution [denoted as
IVP (W=m2 )], both spatially and temporally.
The dynamics of the irradiated targets are captured by stroboscopic shadowgraphy imaging systems.8,11,12 These systems
combine incoherent pulsed backlight-illumination at 560 nm with
CCD cameras coupled to long-distance microscopes, yielding a
spatial resolution of approximately 5 μm. A dye laser provides the
backlighting shadowgraphy pulses (SPs) with a spectral bandwidth
of 12 nm (FWHM) and a pulse duration of 5 ns (FWHM). As
depicted in Fig. 1(a), the shadowgraphy systems simultaneously
provide front- and side-view images of the tin targets, with 30 and
90 angles with respect to the Nd:YAG laser beam propagation
direction, respectively.
Initial optimization of the PP laser-to-droplet (L2D) alignment is performed by observing the target tilt and center-of-mass
velocity U using the shadowgraphy systems.21 As droplet position
and beam pointing instabilities are on the order of single micrometers, no additional active stabilization is needed. Per shadowgraphy
time delay, multiple (typically 10) frames are recorded to allow for
post-filtering on optimal L2D.
Figure 1(a) (upper right panel) illustrates the typical response
of a droplet to the impact of a PP.7–11 The droplet is rapidly
propelled to the velocity U on the order of 100 m/s along the propagation direction of the laser.8,9 Furthermore, the droplet deforms
into an axisymmetric sheet that radially expands to a size Rsheet
over time (indicated as t hereafter, where t ¼ 0 marks the arrival of
the PP). These orthogonal motions, characterized by U and the
_ ¼ 0)
initial expansion rate immediately after laser pulse impact R(t
(referred to as R_ 0 hereafter), are driven by plasma pressure.8–10
Typically, R_ 0  U as in the analogous case of droplet-pillar impact
studied in Ref. 14. The timescale of the acceleration is similar to
the laser pulse length (ns), vastly shorter than the timescale of
the ensuing fluid dynamic deformation (μs).6,7
The sheet is irradiated by the VP [see Fig. 1(a), lower left
panel] when it acquires a radius of Rw . This onset moment of the
VP is referred to as tVP ¼ 0. The result of irradiation by the VP is a
gradual vaporization of the target sheet which we observe using the
shadowgraphy imaging system as discussed further in Sec. III B.
III. RESULTS AND DISCUSSION
A. Target selection
To determine the moments at which the sheet reaches Rw for
the chosen PP energies of EPP ¼ 12 mJ and 20 mJ, we first investigate the sheet size evolution Rsheet (t) presented in Fig. 1(b). After
PP impact, the sheet expands with an initial rate R_ 0 . With a higher
PP energy, R_ 0 is larger, and hence less time is required to reach Rw .
For the case of EPP ¼ 20 mJ, the sheet attains this specific size at
t ¼ 1:2 μs. We refer to this target as target A. For the lower energy
case of EPP ¼ 12 mJ, Rw is first reached at t ¼ 2:1 μs. We refer to
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FIG. 1. (a) Illustration of the laser pulse sequence and the respective irradiation geometries. Upper-left: timing of the irradiation scheme, starting with the pre-pulse (PP),
followed by the vaporization pulse (VP) after a time interval Δt. To visualize the dynamics of the tin target, the shadowgraphy illumination pulse (SP) is scanned through
time t, where t ¼ 0 marks the onset of the PP. The start of the VP is indicated by time delay tVP ¼ 0. Upper-right and lower-left: side-view schematics of the irradiation
conditions during PP and VP, respectively. Lower-right: top-view of 30 and 90 shadowgraphy backlighting. (b) Sheet expansion radius Rsheet and farthest fragments
distance-to-center Rfragment as a function of time t for two PP energies (20 mJ and 12 mJ). The horizontal dash-dotted line (along with a shaded area to indicate the uncertainty) is at a constant 210 μm radius (i.e., Rw ). This line intersects the Rsheet curves at t ¼1.2, 2.1, and 3.1 μs (as indicated by the vertical lines), at which moments the
sheets are referred to as targets A, BI , and BII , respectively. The solid lines (z) following Rsheet are fits of the model from Ref. 14 to the data up to 2 μs. The dashed lines
along Rfragment result from a linear fit to the data up to 1:5 μs. (c) Series of side-view (left) and front-view (right) shadowgraphy images of the three targets during illumination by the VP for different time delays. The VP energy EVP ¼ 5 mJ excluding the last column, where EVP ¼ 9 mJ. At tVP ¼ 0, all three targets share a common sheet
size Rw (i.e., Rsheet  210 μm).

this target as target BI . After passing the apex of its expansion trajectory, the sheet retracts due to the surface tension exerted at the
sheet edge7,10,11 and again acquires Rw at t ¼ 3:1 μs, which we refer
to as target BII . We find that Rsheet (t) agrees well with the analytical
model developed by Villermaux and Bossa14 for the analogous case
of droplet impact onto a pillar. Such an agreement has been previously reported in Ref. 10. By fitting this model to the data,
we obtain the initial expansion rate R_ 0 (for EPP ¼ 20 and 12 mJ,
R_ 0 ¼ 244 and 182 m/s, respectively) with it being the only free fit
parameter. Figure 1(b) also presents the radial position of the furthest fragments as a function of time Rfragment (t). We find that these
fragments follow an expected ballistic trajectory,23 the slope of
which matches the initial expansion rate of the sheet R_ 0 . We note
the significant difference in the distance between the outermost
fragments and the sheet edge for the three targets. Each of these
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three targets, with the common sheet size of Rw , is irradiated
by the VP to infer the thickness profile h(r) and mass content of
the sheet.
B. Target vaporization
Figure 1(c) presents the front- and side-view shadowgraphy
images of the targets through the duration of the VP with an
energy of EVP ¼ 5 mJ. At the beginning of the VP (i.e., tVP ¼ 0),
the images show that the main features of these targets include a
sheet of liquid tin that is surrounded by small fragments. During
VP illumination, we observe a gradual mass removal from the sheet
as it becomes transparent to the background illumination light.
The vaporized material does not significantly impede the shorterwavelength shadowgraphy light and, thus, is not expected to
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influence the vaporization pulse. Over time, this transparency is
seen to move from the periphery inward toward the center of the
sheet, leaving a retreating inner sheet with a radius Rinner . Given
the fact that the VP has a uniform intensity across the beam
profile, we reasonably assume that more time is needed to vaporize
a sheet that contains more tin and, as a result of the common
sheet-size Rw , is also thicker. Among the three targets, target A
requires the longest time for its sheet to be completely vaporized,
followed by targets BI and BII . We infer that the respective global
sheet thicknesses and volumes follow the same order. As a side
note, we find that the periphery of target A starts to show transmission prior to that of target BI (tVP ¼ 7 ns). When the periphery of
the sheet is removed, a bounding rim appears (see, e.g., front-view
images at tVP ¼ 25 ns). Such a bounding rim has been widely
reported in various scenarios of droplet impact on a solid.14,16,17,24–26
For the case of laser–droplet impact, the thickness and mass of this
rim has been analytically estimated in our previous work11 and now
is visualized. Note that for target BII , the sheet as a whole appears to
become transparent almost simultaneously [see Fig. 1(c) at
tVP ¼ 4 ns] instead of gradually retreating inward. This is due to the
vaporization taking place on a timescale similar to the duration
( 5 ns) of the shadowgraphy illumination pulse.
By the end of the VP (tVP ¼ 50 ns), the sheet is completely
removed for all targets. In contrast, the rim and many of the
fragments are still present, indicating that the sheet is much
thinner than the rim and fragments, as was also identified in
Ref. 11. Although the rim and most of the fragments are not
fully resolved by our imaging system, from the observed contrast27 we do infer that target A has a thinner rim (with a diameter of approximately 1–2 μm) and finer fragments compared to
the other targets. In fact, target A has such small-sized fragments that a VP of 5 mJ is capable of vaporizing a significant
fraction of them by the end of the VP. With a higher VP energy
of 9 mJ, all the fragments and the rim of target A are completely
vaporized [see the rightmost column in Fig. 1(c)]. In contrast,
for targets BI and BII , no clear vaporization of fragments is
observed for a 5 mJ VP, and even with the 9 mJ VP some fragments and leftovers of the rim remain for target BI . Besides the
rim and fragments, a remnant of tin resides at the center of the
sheet (tVP ¼ 50 ns). Its presence after VP irradiation indicates
that also its thickness is significantly larger than that of the
sheet. The existence of this center mass is also consistent with
our previous observations in Ref. 11.
In Fig. 2(a), we present the radius of the inner sheet
Rinner (tVP ) as it evolves throughout the VP duration. The inner
radii have been retrieved from shadowgraphy images such as those
shown in Fig. 1(c). Again, in Fig. 2(a), we identify that Rinner
reduces over time for all targets, among which that of targets A and
BII decreases at the slowest and the fastest rate, respectively. In the
experiment, we found that at a given location r on the sheet, the
local time ~t VP (r) required for the VP to vaporize the local thickness
h(r) is inversely proportional to IVP . This has been systematically
observed in a scan for various VP pulse energies (ranging from 2 to
1
indicates that the
9 mJ). The linear proportionality ~t VP (r) / IVP
thickness h(r) is proportional to the VP energy locally deposited in
the sheet, i.e., h(r) / IVP~t VP (r). With a constant VP intensity IVP ,
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FIG. 2. (a) Radius of the inner sheet Rinner as a function of tVP during
_ as a
VP-induced vaporization. (b) Sheet thickness h, obtained by h(r) = ~t VP (r)h,
function of radial position r. The time-averaged vaporization rate h_ is obtained
by fitting the thickness of target BII obtained from the transmission method to
the corresponding data of tVP (Rinner ), see the main text. The result of this fit is
presented in the inset. The thickness model given in Eq. (1) is presented by the
dashed line, with the shaded region indicating the uncertainty propagated from
R0 +0:5 μm and R_ 0 + 5%. (c) Volume ratio of the sheet to the initial droplet
Vsheet =V0 as a function of the scaled time t=τ c , where τ c ¼ 6:6 μs, with values
þ0:12
þ0:06
0:58þ0:13
0:09 , 0:500:08 , and 0:250:04 for targets A, BI , and BII , respectively.
Previously reported data (open triangles) from Ref. 11 (y) are presented alongside the new results. The solid line depicts Eq. (2).

we can thus conclude h(r) ¼ ~t VP (r)h_  ~t VP (r), where h_ refers to a
time-average vaporization rate. We make the ansatz that h_ is
independent of the local thickness. Thus, the thickness profile of
the sheet can be directly obtained from inner radii shown in
Fig. 2(a) by exchanging the x- and y-axes and using a single
_
overall scaling factor h.
C. Thickness and mass content of the targets
In Ref. 11, a partial transparency of the sheet to the shadowgraphy backlighting was used to determine the sheet thickness profile.
A significant transmission signal can only be obtained if the sheet is
sufficiently thin. We find that this transmission method can be
applied to the thinnest target, BII , and we determine its sheet thickness before VP impact (tVP ¼ 0). Subsequently, we are able to
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determine the scaling factor h_ from a fit such that h(r) ¼ ~t VP (r)h_ for
target BII matches its thickness as acquired from the transmission
method in absolute terms, as presented in the inset of Fig. 2(b).
The fit shows excellent agreement between the two methods regarding the shape of the sheet thickness. This fit yields h_ ¼ 4:4(4) m=s,
with the systematic uncertainty in brackets originating from uncertainties in the background correction related to, e.g., dark noise or
plasma glare.11,27 The obtained h_ lies in the range of values obtained
in other studies of the ablation of metals under similar irradiation
conditions (here the VP fluence is  0:7 J=cm2 ).28,29 With the
_ we are able to plot the thickness profiles for
known value of h,
targets A and BI .
Figure 2(b) presents the sheet thickness h(r) ¼ ~t VP (r)h_ as a
function of the radial position r for all targets. Moreover, we plot
the semi-empirical thickness model11

h(r, t) ¼

D30

1:65 (R_ 0 t) þ 6:9 t rR_ 0  2:4 r 2
2

:

(1)

It is shown in Fig. 2(b) and its inset that Eq. (1) agrees well with
the current thickness profiles, both obtained from h(r) ¼ ~t VP (r)h_
and, for target BII , also from the independent measurement from
the transmission method. Here, we employ the initial expansion
rate R_ 0 as the characteristic velocity in Eq. (1) instead of the
center-of-mass speed U as originally used in Ref. 11. This substitution is motivated by a relatively strong deviation from the R_ 0  U
similarity14,16 for targets BI , BII , arising from the tight focusing
condition of the PP used here. As elucidated in Ref. 7, the spatial
distribution of the pressure field exerted by the expanding plasma
on the droplet surface influences the ratio R_ 0 =U. A loosely focused
beam (i.e., 105 μm at FWHM in Ref. 11) and also an increasing PP
energy10 effectively results in a spreading pressure distribution that
yields R_ 0 =U  1. In contrast, an increasingly focused pressure field,
which, for example, can be achieved by employing a tightly focused
beam (i.e., 55 μm at FWHM for the present study), results in a larger
fraction of the kinetic energy partitioned to expand the droplet
rather than to propel it, and thus R_ 0 =U . 1. Our analysis indeed
shows R_ 0 =U ¼ 1:26 for targets BI and BII , and R_ 0 =U ¼ 1:09 for
target A, justifying choosing R_ 0 as the relevant velocity describing
the deformation dynamics.
The thickness data h(r) shown in Fig. 2(b) enable the determination of the sheet volume by integrating 2πrh(r)δr along the radial
coordinate, starting from R0 to the edge of the sheet.11,14 The region
r , R0 is thus excluded from the integration (cf. Refs. 11 and 14)
and with it the center mass remnant [see Fig. 1(c)] that has a different physical origin.11 Figure 2(c) presents the obtained volume ratio
of the sheet to the initial droplet Vsheet =V0 as a function of the nonpﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
dimensional time t=τ c , with capillary time τ c ¼ ρR30 =σ ¼ 6:6 μs.
The data indicate a monotonic decrease of the fraction of tin contained in the sheet over time. At the moment of t=τ c ¼ 0:19 (i.e.,
target A), the sheet carries close to 60% of the initial amount of tin.
For comparison, the data of Vsheet =V0 from Ref. 11 are also shown in
panel (c). Despite the differences in the experimental conditions
(regarding R0 , EPP , and the focal spot size of the beam) between the
present study and Ref. 11, these two data sets agree well with each
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other. Additionally, in panel (c) we plot the model
Vsheet
¼
V0


1

pﬃﬃﬃ 2
3t
,
2 τc

(2)

which was derived in Ref. 11 using the analytical expression of
the thickness profile and the radius of the sheet from Ref. 14.
Equation (2) was found in Ref. 11 to be able to describe the sheet
volume for the laser–droplet impact case. Figure 2(c) shows that in
the present study, Eq. (2) is consistent with the experimental findings
also in the early time regime. Further experimental data would
benefit the detailed study of the full evolution of the sheet thickness
and its volume and is needed to attest to the general validity of
Eq. (2), in particular, at the early times that have now become accessible employing the laser-induced vaporization method. In short, our
results show a good agreement with the prediction from Eq. (2) and
match well with our previous study in Ref. 11 in the late-time
overlap region. We thus unambiguously demonstrate that increasing
the energy of the laser pre-pulse that, crucially, enables the sheet to
reach a specified target size more quickly results in a significantly
larger mass fraction contained in the sheet.
IV. CONCLUSION
In this paper, we experimentally investigated the mass content
of expanding sheets of liquid tin, formed upon nanosecond prepulse laser impact on tin microdroplets. An auxiliary vaporization
laser pulse was used to gradually remove mass from the liquid
sheet, thereby exposing the sheet’s thickness profile and mass
content. Furthermore, the removal of the sheet revealed and confirmed the presence of a sheet bounding rim and center mass.
Three targets, generated by using two different PP energies, were
selected at different times during their expansion trajectories such
that they all shared a common sheet size Rw ¼ 210 μm. The thickness of the thinnest target has been independently determined by
an optical method that has been validated in Ref. 11. The resulting
thickness enabled the conversion of the local time of vaporization
of the other two targets by the auxiliary pulse to the thickness profiles of the sheets. We have further shown that the thickness for
each target agrees well with the model developed in Ref. 11. The
spatial integration of the obtained thickness profile yielded the
volume fraction of the sheet for each target, for which we found a
good agreement with previously reported models. The results confirmed how using a more energetic PP is a favorable strategy for
achieving a specified sheet size while minimizing mass loss from
the sheet to the bounding rim and fragments. For the target with
the highest PP energy studied here, we found that approximately
60% of the mass was still present in the sheet, more than doubling
the mass fraction that may be expected to be contained in targets
reported in the available literature relevant for the nanolithography
industry.18,19 From the perspective of debris mitigation, such a
target may also be preferred as, complementary to a larger sheet
mass fraction, less mass is carried by the fragments. Investigations
of the thickness profile and target mass at even earlier times after
laser pulse impact are accessible by the laser-vaporization method.
Our findings and method can serve a crucial role in the optimization of PP parameters, maximizing the tin mass available for the
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production of EUV light in tin-droplet-based plasma sources for
nanolithography.
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