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Abstract

The laser ablation threshold is an important parameter that governs the response of materials to intense laser irradiation.
Here we study the ablation threshold of liquid tin, by irradiating tin microdroplets with nanosecond laser pulses having finely
controlled temporal shape and duration. We use the time-dependent reflection from the droplet as the main observable, which
exhibits a sharp decrease in magnitude at a given time instance that depends on the laser intensity. This moment marks the
generation of a plasma that strongly absorbs the following incident laser light, rapidly expands, and thereby sets in motion
the remainder of the liquid droplet. We find an inverse-square dependence of this plasma-onset time on laser intensity and
attribute this scaling to the presence of one-dimensional heat diffusion during irradiation. This scaling and its one-dimensional
thermal origin is strongly established in literature and follows from a square-root scaling of the thermal diffusion depth with
time. Our experiment unambiguously shows that this scaling law holds for our specific case of nanosecond laser impact on
tin microdroplets. The results presented in this work are of particular interest to target preparation and metrology in extreme-

ultraviolet sources utilizing tin microdroplet targets.
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1 Introduction

Pulsed laser ablation of metals using laser pulses with dura-
tions in the nanosecond regime is of interest to a wide range
of applications such as micromachining [1], pulsed laser
deposition (PLD) [2], optical material design [3], and laser-
induced breakdown spectroscopy (LIBS) [4]. A detailed
understanding of laser ablation is also of value within the
context of extreme-ultraviolet (EUV) light sources used in
state-of-the-art nanolithography devices. Such EUV sources
make use of mass-limited tin-droplet targets in a multi-pulse
scheme [5].
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Although the ablation of liquid tin microdroplets is well
understood in a steady-state regime above the plasma for-
mation threshold [6], accurate modeling appears challeng-
ing close to the threshold [7], indicative of an incomplete
understanding of this highly transient ablation regime.
Experimental investigations into the ablation threshold and
ablation mechanics may therefore be of value to advance
our understanding of laser-droplet interaction, and be of sig-
nificant benefit to EUV source development in the context
of droplet deformation, debris mitigation, and metrology.
Furthermore, accurate knowledge of ablation thresholds and
an understanding of the possibility of phase explosion is
valuable in the context of advanced target preparation, where
laser vaporization of the liquid tin below the plasma forma-
tion threshold can possibly be used to generate low-density
vapor targets [8].

We therefore study the laser ablation threshold of liquid
tin microdroplets by making use of time-resolved measure-
ments of the surface reflection. A strong and abrupt decrease
in the reflection of temporally square (constant intensity)
laser pulses from the droplet, indicates a moment of plasma
onset and the coinciding inception of inverse bremsstrahlung
absorption of the laser light by the plasma [6, 9, 10]. For
near-infrared wavelengths, the time required for ionization,
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due to electron acceleration by the laser field and subse-
quent electron atom collisions, is typically on the order of
100 ps [11]. Subsequently, the transition from atomic vapor
to plasma rapidly occurs within single nanoseconds by an
electron avalanche process. For nanosecond-duration pulses,
this then results in an apparent coincidence of the vapor and
plasma formation thresholds, hence the ablation threshold
under consideration is that of plasma formation. Accord-
ingly, we here study the moment of plasma formation as a
function of laser pulse duration and energy, and correlate
the reflection signal with target deformation recorded using
shadowgraphy imaging.

2 Experiment and methods

A schematic illustration of the experiment is depicted
in Fig. 1. We irradiate the tin microdroplets (99.995%
purity), 30 ym in diameter, in a vacuum environment with
circularly polarized pulses from an Nd:YAG laser system.
The in-house-built laser system [12], operating at 1064 nm
wavelength, is programmed to output flat-intensity pulses
with a duration ranging from 100 to 400 ns and rise times
of approximately 200 ps. The laser beam with a diameter of
6 mm is focused down (f = 500 mm) to a Gaussian focal
spot with a full width at half maximum (FWHM) of 84 ym
at the location of the droplet. The laser fluence employed in
this work ranges from approximately 0.7 J/ cm? for a 100 ns
pulse to 7.5 J/cm? for a 200 ns pulse.

A photodiode (PD, Thorlabs DET08) is mounted on the
vacuum chamber at a 21° angle with respect to the principal
laser axis and detects the laser light reflected from the drop-
let. The photodiode signal Vp, is recorded using a 1-GHz-
bandwidth oscilloscope set to a 50 Q input impedance. To
increase the signal on the PD and block any broadband

A =1064 nm [ ]

Fig.1 Illustration of the experiment. A temporally flat, constant-
intensity pulse is incident on the tin droplet which is positioned in
the focus of the laser beam. The reflected laser light is detected by a
photodiode (PD, Thorlabs DET08) at 21° with respect to the principal
laser axis. Upstream from the photodiode a lens is used to increase
the total light collection, and a 1064 nm laser-line filter (LLF) blocks
the broadband plasma emission
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emission from the plasma, a lens and laser-line filter are
mounted ahead of the PD, respectively. Since Vpp ranges
from approximately 100 4V to a few mV, 720 pulses are
recorded and averaged to improve the signal-to-noise ratio.

The droplets are imaged using a shadowgraphy system
aligned perpendicularly to the principal laser axis, providing
a side view. The system consists of a CCD camera coupled
to a long-distance microscope, and makes use of incoherent-
pulsed backlighting with a wavelength of 560 nm. We obtain
a spatial and temporal resolution of approximately 5 ym and
5 ns respectively. More information on the experimental
setup can be found in Refs. [7, 13, 14].

3 Results

3.1 Time-resolved reflection and its correlation
with deformation

Figure 2 shows the time-resolved reflection signals obtained
for the case of a 400 ns laser pulse with energies E| ranging
from 1 to 6.3 mJ. For all energies, the reflection from the
droplet initially accurately follows the flat input pulse. At a
certain point in time the reflection starts to deviate, display-
ing a strong decrease for all values of E; except the lowest
two, for which only a gradual increase in reflected light is
observed. We attribute the decrease in reflectivity to the gen-
eration of a plasma layer that efficiently absorbs the incident
laser light [9] and therefore label the moment at which this
occurs as the plasma-onset time ¢ ,. Several studies [15-17]
on the reflection of nanosecond laser pulses in ablation of
metals have attributed a similar observation of decreased
reflectivity to the absorption of the laser light in plasma. Fur-
thermore, in agreement with our observation, Refs. [15-17]

300

t (ns)

Fig.2 Reflection signal as a function of time ¢ from a 400-ns-flat-
intensity pulse of varying laser pulse energy E; incident on the drop-
let. The output voltage of the photodiode Vpp is normalized by the
laser intensity E; /7,
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show no significant change in reflectivity before the plasma-
formation threshold is reached.

After the initial decrease (¢ > t,,) the majority of the
measurements show an increase in reflection. This increase
appears to be caused by a hydrodynamic deformation of
the droplet initiated by the rapidly expanding plasma [13].
In Fig. 3, shadowgrams of the droplet are compared to the
reflection signal for the case of a 200 ns pulse. We observe
a clear correlation between the decrease in reflection inten-
sity and the first observable deformation which reproduc-
ibly originates from the droplet pole. This deformation
is significant during the remainder of the laser pulse and
influences the observed reflection signal. When plasma
generation is minimal it is very likely that the deformed
surface will occasionally, with a significant shot-to-shot
deviation, direct additional light towards the photodiode.
We also observe that the increased reflection at times ¢ > ¢,
is highly irregular (see also Fig. 2), which also hints at it
originating from the somewhat volatile deformation. When
E; is increased, the increase in reflection following ¢, is
suppressed and reflection remains low (for example for the
maximum E; case in Fig. 2, 6.3 mJ). In these cases, plasma
emission also largely or fully obscures local deformation
on the shadowgraphy images (not shown). Both observa-
tions hint towards a full shielding of the droplet surface by
the plasma. Note that no EUV emission takes place under
these conditions as it requires higher laser intensities rang-
ing from 10'° to 10" W/cm? [18]. In Appx. A we present a

brief quantification of the reduction in reflectivity in the full
plasma shielding case alongside extra detail of the chaotic
behavior of the reflection in the non-fully shielded case.
The observation that the deformation originates at the
droplet pole, which therefore also marks the location of first
plasma-onset, is expected. The effective laser intensity per
droplet surface rapidly drops off with increasing incidence
angle. This drop off is mostly due to the "Lambert” cosine
projection of the beam onto the droplet surface. To a lesser
extent, it is caused by the Gaussian shape of the focal spot.
Furthermore, the Fresnel absorption coefficient decreases
with increasing angle of incidence up to approximately 60°
for circularly (equivalently: unpolarized) laser light. The fact
that our PD detection angle at 21° is not strictly orthogonal
to the beam propagation direction, combined with the obser-
vation that the plasma onset occurs at the droplet pole could
be responsible for the lack of a decrease in reflection signal
for the lowest values of E|_if plasma generation is only local.

3.2 Dependence of the plasma-onset time on laser
intensity

The plasma-onset time 7, is quantified by fitting a Gauss-
ian distribution to the gradient of the reflection drop. This
provides an accurate center value of ¢, as well as a standard-
deviation width which we take to represent the measurement
accuracy. Since the observed deformation following plasma
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Fig.3 Comparison between the obtained reflection signal (top) and
the side-view shadowgraphy images (bottom) for three cases of laser
pulse energy E; and duration 7, = 200 ns. The rows of shadowgraphy
images are ordered with increasing energy from top to bottom. The
first observable deformation for each row is indicated by the outlined
image(s). The determined #,, (at 50% of the decrease in 7,Vpp/E;) is

indicated by the vertical dash-dotted lines. For the 1.5 mJ case (bot-
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tom row) clear overexposure of the camera by emission from the
plasma cloud is visible. Due to the relatively long exposure time of
the camera (on the order of milliseconds) this emission is recorded in
all frames and thus not temporally resolved. The laser pulse is inci-
dent from the left, the droplet diameter is 30 ym, and the figures are
approximately 100 by 100 ym
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onset originates on the droplet pole, we take as the relevant
laser intensity / the peak value on the droplet pole. We deter-
mine / using a camera recording of the focal spot and the
laser pulse energy E; . The resulting dependency of ., on
1 is presented in Fig. 4(a) for all pulse durations studied in
this work. We observe a clear inverse-square dependence
and therefore write

fon =K. ¢))

A least-squares fit of Eq. (1) to the full dataset, with the
error in 7, taken as weights, results in K ; = 3.40(5) x 10
sW2/cm®*. To obtain an absolute accuracy we need to
include the typical 5% calibration error in the laser intensity
measurement (indicated by the horizontal error bars) result-
ingin K| = 3.4(4) X 10%s W2 /cm®*. Note that three extra data
points, recorded with a larger droplet size of 40 ym, are in
full agreement with the data taken with 30 ym droplets. This
agreement indicates no significant contribution of the drop-
let size on the observed intensity dependence (Eq. (1)) in the
here studied range.

The two pulses with the lowest intensities studied in this
work are the lowest energy cases with a 400 ns duration.
For those two cases, we only observe a gradual increase in
reflection at the end of the pulse, and no decrease as shown
in Fig. 2. Regardless of the precise details of the ablation
process in this regime and the existence of an equivalent 7.,
since we observe no decrease we cannot determine a value
for ¢, in a similar fashion. Therefore, we have indicated the
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Fig.4 (a) plasma-onset time 7., as function of laser intensity I.
Dashed line is a fit of Eq. (1) to the concatenated data. The differ-
ent symbols and colors represent laser pulses of different duration as
labeled in the legend. (b) Ablation fluence threshold F, as function
of synthetic pulse duration 7, =1,,. Here, the dashed line follows
Eq. (4) with K; obtained from the fit of Eq. (1) as shown in (a). Sev-
eral data points were taken at an alternate droplet size of 40 ym and
are labeled as such in the legend. The grey shaded regions indicate
the edge of the parameter space in reach with our current reflection-
based method (see main text)
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bounds of this regime in Fig. 4 with the grey shaded regions,
and consider it out of reach with our current method.

Early work [19] on the heating and evaporation of
strongly absorbing media by laser irradiation predicted
the scaling relation given by Eq. (1), using the following
argument: since the pulse duration is much longer than the
electron-ion relaxation time, i.e., T, > Tejs the electrons and
ions in the liquid are in thermodynamic equilibrium and we
can consider a gradual surface heating of the material by the
incident laser pulse [20]. Assuming one-dimensional heat
diffusion, the energy deposited through absorption of laser
radiation Alt, with A the absorption coefficient, is distributed
in a layer of thickness /, which grows following [21]

| x \/E, 2

with x the thermal diffusivity. Any threshold related to
exceeding a certain specific internal energy in the material,
given by Alt, /1, is therefore reached at a time t,, o 172 [22].

The agreement between the above and the observed scal-
ing following Eq. (1) indicates a (close-to) one-dimensional
diffusion of heat in our case, also supported by the equal
result for 30 and 40 ym droplets. Since we are not dealing
with a planar target but a spherical droplet, the assumption
of one-dimensional heat diffusion firstly only holds if the
thermal penetration depth remains significantly smaller than
the droplet size. Indeed, for a pulse duration of 100 ns and a
thermal diffusivity of 16.4 mm? /s [23], we estimate a thermal
penetration depth of [, = V/x X 100ns ~ 1.3 ym < 30 ym.
However, as discussed previously plasma onset occurs
on the droplet pole. In this case the agreement with one-
dimensional heat diffusion suggests that a region signifi-
cantly larger than the thermal penetration depth is uniformly
heated. This means that although it is localized to the droplet
pole, heating of the droplet surface is similar over an area
with a radius of possibly several micrometers. Since the
“Lambert” cosine projection on the droplet surface is the
dominant mechanism of the reduction of laser intensity at
increased angle of incidence, the laser intensity will have
decreased by approximately 10% at a 26° angle of incidence.
This corresponds to a total arc length of 13.5 yum, much
larger than the 1.3 ym estimate of the thermal penetration
depth, which likewise supports the notion that heat diffusion
takes place in a one-dimensional fashion.

3.3 Fluence ablation threshold scaling with pulse
duration

The observed scaling of #,, o 172 is essentially equivalent
to a more commonly studied scaling of the fluence damage
threshold Fy;, with pulse duration z,,. Since Fy, = I, for a
pulse with a duration equal to the plasma-onset time, i.e.
we obtain

T, = Tons
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Fg= KIrp. 3)

This relation is applied to the data and previous fit result,
and plotted in Fig. 4(b). With K| = 3.4(4) x 108 s W? /cm*
obtained previously, the corresponding proportionality con-
stant has a value of\/ITI = 1.84(10) x 10*Tem™2s7'/2, The
square-root dependence of the threshold fluence on the pulse
duration (Eq. (3)) again directly follows from the same form
of the thermal penetration depth (Eq. (2)). For the case of
laser-induced damage in dielectrics the square-root scaling
is also well established and confirmed to hold for pulse dura-
tions down to approximately 10 ps [24-28].

In Ref. [13], a value of Fy o= 2.4(8)Jcm™ was
obtained from an independent measurement of the droplet
propulsion threshold for the case of a 10 ns FWHM Gauss-
ian pulse. Using the here obtained value of \/K_l we get
F 10 = VK x 10-8 = 1.84(10)Jem ™, which is in good
agreement with the threshold obtained from propulsion. The
propulsion of tin microdroplets resulting from laser impact
has been further studied in detail in several other works [7,
29], which have confirmed the above propulsion threshold
and include quantitative analyses of the ablation pressure
employing both experiment and modeling.

As stated previously, for nanosecond laser ablation using
near-infrared wavelengths, a near equivalence of vapor and
plasma formation thresholds is typically observed [11, 30].
Accordingly, a value for F,;, is commonly estimated by con-
sidering a threshold of strong evaporation. Such a threshold
can be expected to be passed when the deposited energy per
unit mass € exceeds the latent heat of evaporation e > AH.
Here, the initial state (solid or liquid) and temperature of the
material are typically ignored, as the latent heat of fusion
and the energy required to heat the material to the vaporiza-
tion temperature are much smaller than AH. The fluence
threshold can then be written as [22, 31, 32]

Fy =A"'p,AH /x7, 4)

with absorption coefficient A, density p,, latent heat of
vaporization AH, and thermal diffusivity .

Before the onset of plasma formation, absorption
through inverse bremsstrahlung is negligible and we
can estimate the absorption of liquid tin given its opti-
cal constants [33] and obtain A =0.16 for the rel-
evant wavelength of 1064 nm. With literature val-
ues for the various constants, p, =7 X 103 kg m’ [34],
AH =25x10°Tkg™" [35], and x =16.4mm?/s, we
obtain A~'pyAH\/k = 4.4 x 10*Tem™2s~/2, This value
can be directly compared with our value of \/K_I obtained
from the fit to the data and, given the simplicity of this
estimate comes remarkably close. The present discrepancy
could indicate that either Eq. (4) does not fully accurately

describe the ablation process and the observed threshold in
our experiment, or that one or multiple of the constants (p,
x, AH, and the refractive index) available in literature are
inaccurate or exhibit a significant temperature dependence.

3.4 On alternative explanations for the loss
of reflection

In our interpretation of the results, we have assumed that the
drop in reflectivity arises due to the strong absorption of the
laser light in plasma by inverse bremsstrahlung. Although
this assumption was made with fair support, including our
experimental observation of plasma emission, it is valuable
to discuss alternative explanations. Here we briefly discuss
and exclude other mechanisms that could hypothetically
contribute to the reduction of reflectivity without plasma
formation.

First, we consider the occlusion of the droplet surface
by a formed cloud of atoms. Such a cloud will not strongly
interact with the incident laser light unless the frequency of
the light overlaps with an atomic transition. No such transi-
tion is known to exist for the incident laser wavelength of
1064 nm. We can therefore exclude that the formation of
a cloud of atoms shields the droplet surface from the laser
pulse and contributes significantly to a loss in reflection.

Second, we consider a modification of the droplet surface,
which, since the target is liquid, would entail a hydrody-
namic deformation. However, hydrodynamic deformation
of the droplet takes place on a capillary timescale (~ 10 us)
[36], many times larger than typical timescale of the loss
of reflection (~ 10. Undoubtedly, an initial hydrodynamic
deformation can take place in a fraction of the capillary
time, as can be seen in the shadowgraphy measurements of
Fig. 3, but a rapid modification of the droplet surface seems
unlikely and is not able to explain the abrupt decrease in
reflectivity on a time scale of 1 ns to 10 ns.

Scattering and absorption by nanodroplets, either
expelled from the droplet or formed in the expanding vapor
plume prior to plasma formation is another possibility. We
consider it highly unlikely that particles form at a sufficient
quantity to significantly contribute to the observed loss of
reflection. Regardless, we can exclude this mechanism on the
basis of the shadowgraphy measurements shown in Fig. 3.
Tin nanodroplets of any size will scatter or absorb more
strongly at the 560-nm wavelength of our shadowgraphy illu-
mination and be visible. Since on our shadowgraphy images
we simply do not see such nanodroplets leaving the target,
we can exclude such a mechanism. Note, that following the
threshold moment we do see a peculiar bubble formation in
the shadowgraphy, followed by dark streaks indicative of
nanodroplets. This observation is discussed next.

@ Springer
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3.5 On the presence of phase explosion

The deformation as shown in Fig. 3 shows the peculiar for-
mation of an expanding bubble-like feature on the droplet
pole. The bubble grows over time and eventually appears
to burst, followed by low-contrast ‘streaks’ indicative of a
plume containing particles with sizes far below the imag-
ing resolution of 5 ym. These observations hint at a (sub-
surface) phase explosion (PE) taking place as a result of a
superheating of the liquid metal to a temperature approach-
ing the critical temperature [37-40]. In the lowest energy
case of 0.8 mJ shown in Fig. 3 we observe a slight gradual
increase in reflection and a significant bulging of the droplet
surface before 7. This suggests that PE might take place at
a threshold time slightly preceding the onset of plasma for-
mation ¢, and the subsequent absorption of laser light due
to inverse bremsstrahlung. An opposite order of the thresh-
olds is unlikely as a plasma shielding effect [38, 41-43] will
decrease the rate at which the droplet surface is heated by
the laser pulse, thereby preventing PE from occurring. Fur-
ther investigation into the presence of PE in our experiment
and a possible PE threshold separate from that of plasma
formation is outside the scope of this work. Such investiga-
tions would likely require additional measurements using
shadowgraphy with an increased spatial resolution, possibly
assisted by shadowgraphy at shorter (UV) wavelengths to
improve vapor contrast, (time-of-flight) ion diagnostics [44],
and time-resolved recordings and spectroscopic investigation
of the plasma emission [45, 46]. Future work could confirm
the possibility of applying PE as a distinct new way of initi-
ating droplet deformation.

4 Conclusions

In this work, we have determined the laser ablation, i.e.,
plasma formation threshold using measurements of the
time-resolved reflection from temporally flat near-infrared
nanosecond laser pulses incident on tin microdroplets. The
reflection exhibits strong drops at the moment of plasma for-
mation due to the strong absorption of the laser light by the
inverse-bremsstrahlung mechanism. The drop in reflection is
as such well correlated with the initiation of deformation of
the liquid droplet as observed with shadowgraphy. We found
that the observed moment of plasma formation exhibits a
well-established inverse-square dependence with laser inten-
sity, which follows from a one-dimensional diffusion of heat
from the absorbing droplet surface into the droplet interior.
We have quantified this threshold over an order of magnitude
of laser intensities spanning from 4 x 10” to 4 x 10 W /cm?
and for pulse durations up to 400 ns. Furthermore, we found
excellent agreement with a previously determined ablation
threshold based on droplet propulsion and provide an almost
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ten times improvement on the accuracy. A comparison
of our obtained threshold values with a commonly used,
straightforward model of strong evaporation reveals some
discrepancy, supplying motivation for future investigation
and modeling efforts. Our obtained value of the nanosecond
laser ablation threshold on tin microdroplets are of direct
use within the scopes of target preparation and metrology
in extreme-ultraviolet sources.

By making use of a ”’pre-pulse” to deform a droplet into
a thin sheet [13, 47], studying the ablation of (free-falling)
liquid-metal thin films is within experimental reach. As
shown, the inverse-square scaling of the ablation threshold
with laser intensity as presented in Sec 3.2 arises from the
presence of one-dimensional thermal diffusion. In the thin-
film limit such thermal diffusion is absent, entering a regime
of thermal confinement accompanied by changes in abla-
tion thresholds [48]. The current work could be extended
by measuring the transition between bulk and thin-film abla-
tion regimes, utilizing the sheet thinning over time result-
ing from pre-pulse impact [47]. Plasma shielding is likely
undesired in an advanced EUV-source vapor-target prepa-
ration scheme [8] as it prevents vaporization of part of the
liquid mass and possibly disturbs the formation of a uniform
“cloud” target. By measuring the plasma onset thresholds for
the case of thin sheets, we can therefore identify a parameter
range possibly beneficial to target preparation for droplet-
based EUV sources.

Appendix A Brief analysis of reflection
following plasma onset

Extra characterization of the reflection after the plasma
onset threshold is passed is presented in Fig. 5. We sim-
plify the observed behaviour into two cases, partial and full
plasma shielding of the droplet. In the partially shielded
case, averaging of the reflection signal obtained from many
laser shots obscures the original chaotic behavior. There-
fore, in Fig. 5(a) several single acquisitions are compared to
the average of all 720 measurements. All traces coincide up
until, and also slightly after, the drop in reflection attributed
to the plasma generation. At later times, the plasma recoil
pressure initializes deformation and a disorganized reflection
signal consisting of many randomized peaks strongly differs
from shot to shot.

In Figure 5(b) we show a quantification of the decrease of
reflection when the droplet is fully shielded by the plasma
cloud. A background signal is taken by misaligning the drop-
let to laser timing such that the droplet is missed. By subtrac-
tion of this background signal we find a remaining reflection
of only 0.3% with a signal-to-noise ratio of 1.7, in line with
expectations of strong inverse bremsstrahlung absorption in
dense plasmas.
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Fig.5 (a) Average (black) of 720 events overlaid on a selection (n=7)
of single events illustrates the chaotic behavior of the reflection fol-
lowing plasma formation. (b) Reflection of a 5.6 mJ, 200 ns pulse for
which the plasma fully shields the droplet
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