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ABSTRACT

We present results from a combined experimental and numerical simulation study of the anisotropy of the expansion of a laser-produced
plasma into vacuum. Plasma is generated by nanosecond Nd:YAG laser pulse impact (laser wavelength 4 = 1.064 pm) onto tin microdrop-
lets. Simultaneous measurements of ion kinetic energy distributions at seven angles with respect to the direction of the laser beam reveal
strong anisotropic emission characteristics, in close agreement with the predictions of two-dimensional radiation-hydrodynamic simulations.
Angle-resolved ion spectral measurements are further shown to provide an accurate prediction of the plasma propulsion of the laser-
impacted droplet.

© 2022 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/10.1063/5.0129112

I. INTRODUCTION

State-of-the-art nanolithography relies on 13.5 nm extreme ultra-
violet (EUV) light that is generated from tin laser-produced plasma
(LPP)."” Expansion of the hot and dense tin plasma may hinder EUV
source operation in several ways, where high-energy ions may damage
or coat EUV optics.”” Effective mitigation schemes are, thus, required
to rid the EUV source of such adverse processes. These mitigation
schemes may include, e.g., the use of buffer gases to stop and remove
ionic debris”” or employing strong magnetic fields to deflect tin ions
away from the plasma-facing collector mirror.”* "' The design of miti-
gation strategies benefits from understanding the mechanisms driving
plasma expansion in the absence of any form of mitigation.

Analytical models of plasma expansion into vacuum'*™* have
been developed over many years and have been applied to the specific
case of tin laser-produced plasma expansion.'”'® Recently, Hemminga
et al'” performed two-dimensional (2D) radiation-hydrodynamics
simulations of plasma expansion from laser-irradiated tin droplets, as
it was found that the strongly simplified analytical models were unable
to fully capture the expansion. The simulations, which employed a
single-fluid single-temperature approach, were in excellent agreement
with the ion energy distributions obtained from the experiments in a

single direction: at a 60° angle backwards toward the laser. A promi-
nent high-energy peak observed in the experimental ion energy distri-
bution was attributed to a quasi-spherical expanding shell formed at
early times in the plasma expansion. In fact, this shell originates from
a complex interplay between two directional bursts of laser-induced
ablation,"” implying that the plasma expansion and the resulting ion
kinetic energy spectra are highly anisotropic.

The importance of a thorough understanding of the angular
ion emission motivated several detailed experimental studies of tin
LPP using electrostatic probes,'™'” Faraday cups,”””" electrostatic
analyzers,”' >’ retarding field analyzers (RFAs),”* and Thompson
parabolas.”” Many studies observed anisotropy in the charge-inte-
grated'>”"?"*>*° and charge-resolved ion emission into a buffer
gas.”>** Kools et al.”” and others””*" reported analytical expres-
sions for the integral ion current, which were later built upon by
Chen et al.”” to derive the angular dependence of the ion charge
yield. This angular dependence was found to resemble a cosine
power law’"”” (also see Qin et al’°). Brandstitter et al,'’
Giovannini et al.,”> and O’Connor et al.*° found clear dependencies
of the charge-resolved average ion energy and average peak velocity
on the emission angle, providing important insights. Thus far,
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however, no combined absolute angle- and charge-state-resolved
kinetic energy measurements have been performed on a tin-micro-
droplet-based plasma expanding freely into the vacuum.

We present a study of angle-, energy-, and charge-resolved abso-
lute ion yields using compact retarding field analyzers positioned at
seven angles, covering an angular emission range of 30°-150°. Our
measurements are compared to two-dimensional radiation-hydrody-
namics simulations performed with the RALEF-2D code. In the fol-
lowing, first, we briefly describe the experimental setup and methods
used and provide details of the RALEF-2D simulations we have per-
formed. This is followed by a detailed discussion of the ion emission
anisotropy, where we compare the features and trends observed in the
simulated and experimentally recorded ion spectra as well as those
predicted by analytical theory. We quantify several metrics of impor-
tance to ion emission including the total ion number, momentum, and
energy. Finally, we utilize the measured ion momentum distributions
to accurately predict the propulsion speed of the laser-impacted drop-
lets over a wide experimental parameter range.

Il. EXPERIMENTS
A. Experimental setup

The experimental setup is described in detail in earlier work.”
Here, we recall the main elements. A tin tank is mounted on top of a
vacuum chamber (around 1077 mbar) and is kept at 260 °C—above
the melting temperature of tin. The tank is pressurized with argon gas
to push the molten tin through a nozzle. Tin droplets with a well-
defined diameter of dgrop = 27 pim are dispensed by the nozzle at kHz
frequencies (in Sec. IV C, we also present results employing
ddrop = 17 um droplets). The microdroplets intersect a horizontal laser
sheet produced by a helium-neon laser beam coupled into a cylindrical
lens. Light scattered by the droplets is collected by a photomultiplier
tube (PMT). The PMT signal is down-converted to 10 Hz; this down-
converted signal serves as a trigger to synchronize a seeded 10Hz
Nd:YAG laser pulse with the droplet targets for optimal laser-pulse to
droplet alignment. The laser pulses have a wavelength of 1064 nm, an
approximately Gaussian (focused) spatial profile of 100 pm full width
at half maximum (FWHM), and an approximately Gaussian temporal
profile with a FWHM of 10 ns. The choice for this arrangement of a
laser beam spot that is large compared to the impacted droplets is
motivated by our aim of performing maximally stable experiments
with a maximally homogeneous illumination of the droplet surface.
The pulse energy can be tuned using a half-wave plate in combination
with a polarizer. The experimental data presented in Secs. IV A and
IV B employed a constant pulse energy of 97 m]J, with multiple laser
pulse energies being utilized in Sec. IV C.

In the present experiments, we employed FC73-A Retarding
Field Analyzers from Kimball Physics to characterize the charge and
energy of the ions emitted from the LPP. The RFAs are used in time-
of-flight (ToF) mode. Ion kinetic energies are calculated using the ToF
and the length of flight d of ions, assuming ballistic motion. The time-
of-flight ion current is converted to a time-dependent voltage using a
trans-impedance amplifier (600 MHz Keysight Infiniium) with a broad
bandwidth of 25 MHz [G, in Fig. 1(b)]. When the output impedance
of the oscilloscope is matched with that of the amplifier (50 Q), the
amplifier gain becomes 25kV A~". Further information can be found
in Poirier et al.”* The detectors have four grids: a reference grounding
grid G, two retarding grids R; and R,, and a suppression grid S [see
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FIG. 1. Sketch of the experimental setup, RFA device, and charge-resolved ion spectrum.
(a) Droplets travel with velocity v¢ until they are illuminated by the Nd:YAG laser pulse.
The position of a RFA is defined by its distance to the LPP () and the angle (o) between
the direction toward the RFA and the negative z-axis (the symmetry axis of the incoming
laser pulse). The angle « is calculated from the elevation (f5) and the azimuth (y) of the
RFA with respect to the laser axis. (b) The main elements of the RFA are shown; four
grids (G, Ry, Ry, and S) are located in the path of the tin ions. The ion current in the
Faraday cup (FC) is amplified (denoted by Ga) and recorded by an oscilloscope. (c) A
sample charge-resolved ion energy spectrum taken with an RFA (dgop = 27 pm, 97
mJ laser pulse in the vacuum and o = 30°); the sum of the different charge states
(z=1 -8, black dotted line) overlaps with a charge-integrated spectrum (gray line; “FC-
like” following Ref. 32) taken at the same position as the RFA spectrum.

Fig. 1(b)]. The suppression grid is biased negatively (Usypp = —100 V)
to repel back into the Faraday cup any secondary electrons produced
from the surface of the Faraday cup. The cup itself is also biased
(Upias = —30V). The electrostatic field applied to the retarding grids

Phys. Plasmas 29, 123102 (2022); doi: 10.1063/5.0129112
© Author(s) 2022

29, 123102-2


https://scitation.org/journal/php

Physics of Plasmas ARTICLE

of the device is scanned to unravel the charge state of the detected ions
in the so-called “retarding field analysis” mode. The two retarding
grids share the same positive potential Uy and are separated by a
600 pm gap. Scanning Uy from 0V to 1KV, an increasing amount of
positively charged ions with the charge ze and energy E are repelled
when E < zeU,, where e is the elementary charge. Iterative post-
processing of the ion ToF currents allows for the unraveling of charge-
resolved ion energy spectra. The post-processing scheme is explained
in detail in Ref. 32.

Seven RFAs were placed at various angular positions around the
plasma. The angular position of the RFAs with respect to the vacuum
chamber is described by their elevation (f) and azimuth (y) with
respect to the laser axis, as illustrated in Fig. 1(a) and described in
Table I in the Appendix. The cylindrical symmetry of the laser-droplet
system enables defining the direction of the RFAs by a single angle o
through o = cos™*(cos (y)cos (f)). The aperture of an RFA has a
diameter of 4.75 mm and is located a distance d away from the point-
like plasma, defining the solid angle of the aperture AQ (see Table I in
the Appendix). It was shown previously in Ref. 33 that an RFA with
four maximally misaligned grids exhibits a transmission of 41%.
Detailed simulations later revealed that the transmission of the four-
grid stack intricately depends on the co-alignment of the grids, the
momentum of the ions, and the electrostatic bias on each grid. From
these simulations, it was found that the stack transmission ranges
between 41% (in the case of maximally misaligned grids, consistent
with our previous results’*"’) and 83% (in the case of geometrically
overlapping grids with maximum alignment). In the following, we
take a representative and average transmission of 62% for all RFAs,
with a systematic error of 21% covering the full range of possible
extreme cases of grid alignment.

B. Experimental methods

The so-called “bottom-up” method™ is used to derive charge-
resolved ion spectra from ion time-of-flight current traces via a retard-
ing voltage scan. Here, Uy is set to 61 equally spaced values between
Uretmin = 0V and Upermax,» depending on the maximum retarding
voltage required to negate the total ion current. Upermax must be at
least equal to Enax/Zmine, where Epy and zp, are the highest ion
energy and the lowest charge state detected for a given experiment,
respectively. In the presented experiment, a maximum retarding volt-
age of 1 kV was found to be adequate. We record ion currents for sev-
eral hundred laser shots for each of the retarding voltages and use the
average ion current throughout the analysis in order to enhance the
signal-to-noise ratio. Outlying single-shot ion currents are discarded
when the velocity of the leftover liquid tin target (observed via simulta-
neous single-shot shadowgraphic imaging) falls beyond *5% of the
average target velocity (cf. Refs. 31 and 34).

A typical ion energy distribution measured with the aforemen-
tioned experimental parameters is presented in Fig. 1(c), where the
laser energy in the vacuum was set to 97 mJ. The charge-state-resolved
distributions (z=1 - 8) of charge, d*Q,/dEdQ, are also shown. The
sum of contributions from all charge states (black dotted line) overlaps
with a Faraday-cup-like charge-integrated measurement (gray line)
recorded on the same detector without any effective bias applied.”” In
the remainder of this paper, we present the total ion number distribu-
tions d?N/dEdQ—relevant to the hydrodynamic mass flow—by
accounting for the individual charge states z using the charge-state-

scitation.org/journal/php

resolved data.'” We focus on those parts of the spectrum where the
bottom-up post-processing method is able to reliably assign individual
charge states. The high-energy, low-intensity shoulder observed near
4keV energy in Fig. 1(c) lies below the systematic noise level and is
not further addressed. A confidence interval is introduced to account
for the systematic errors in estimating ion currents. The first contribu-
tion to this interval covers the influence of late-time baseline subtrac-
tion, where we follow Ref. 32. A second contribution accounts for the
30% systematic error (0.62 = 0.21) due to the transmission of the four
RFA grids (cf. Sec. IT A). In the following, the confidence interval based
on these two effects is displayed in the figures and is taken into
account in the presented metrics.

Ill. RADIATION-HYDRODYNAMICS SIMULATIONS
A. RALEF-2D

The RALEF-2D code’ ** and its application to the case of tin
laser-produced plasma were presented in detail in earlier publications
on plasma expansion'’ and tin droplet propulsion and deforma-
tion.”*”” RALEF (Radiation Arbitrary Lagrangian-Eulerian Fluid
dynamics) is a two-dimensional (2D) radiation-hydrodynamics finite
element solver fit for the simulation of laser-produced plasmas. The
hydrodynamic component of RALEF-2D is based on an upgraded
version of the CAVEAT code'’ that employs a second-order
Godunov-like scheme on a structured quadrilateral grid. The code
solves the equations of single-fluid single-temperature hydrodynam-
ics, where thermal conduction and radiation transport are imple-
mented using a symmetric semi-implicit method with respect to
time discretization.""**

Radiation transport is modeled using the quasi-static approxima-
tion"” assuming local thermodynamic equilibrium, utilizing spectral
absorption coefficients derived from the THERMOS code.”"* We
employ the classical S, method*® with #=6 to model the angular
dependence of the radiation intensity. The equation-of-state (EOS) of
tin is constructed using the Frankfurt EOS (FEOS) package,” an
extension to the MPQEOS™® and QEOS™ models. A hybrid model of
laser light propagation™ is implemented, which models laser absorp-
tion, reflection, and refraction. With this choice, we operate a model of
laser propagation that is identical to our previous work on droplet pro-
pulsion and deformation;”* however, one that is more complete when
compared to our previous work on plasma expansion.'”

B. Application of RALEF-2D

The experimental laser-droplet parameters serve as input to the
RALEF-2D simulations. The simulations are performed using a
1064nm laser pulse with a Gaussian temporal profile of 10ns
(FWHM), similar to the simulations presented in Ref. 17. In the pre-
sent work, a Gaussian spatial laser profile of 100 pm FWHM is
employed, and the droplet diameter is set to 27 um. In fact, the experi-
mental spatial profile of the laser is an Airy disk, which we approxi-
mate by a Gaussian profile in the simulation. We set the simulated
pulse energy to 90 mJ so that the simulated laser pulse has the same
energy within a radius of FWHM/2. The simulations are performed
on a two-dimensional computational mesh of quadrilaterally shaped
cells. We chose a domain similar to our previous work:'” a half-disk
geometry with a radius of 10 mm. This rather large computational
domain ensures that material leaving the mesh exhibits the well-
known asymptotic (time — oo) linear dependence of velocity on
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distance.'””" The cylindrical symmetry axis is defined as reflective,
while the curved boundary of the half-disk allows for the free-outflow
of material. This outflow is used to extract the numerical ion energy
distributions.

C. lon distributions from simulation

The method for extracting ion energy distributions d>N/dEdQ
from the simulated hydrodynamic flow is based on allocating the out-
flowing mass to predefined kinetic energy and angle intervals, as
detailed in Ref. 17. This allocation is based on the magnitude and
direction of the velocity of the outflowing mass. In the presented simu-
lations, 360 exponentially scaled energy bins are used over the interval
between 1eV and 20keV. In angular space, 180 equally sized 1° bins
are used. The angularly resolved ion kinetic energy distributions are
processed in three steps. Supplementing the analysis in our previous
work,"” we first take an average over a set of nine simulation runs with
identical input parameters. Second, similar to our previous work, we
average the distributions over an angular range (a running average) of
10° around the experimental angles, i.e., a & 5°. The weights in the
average calculations are defined as the respective solid angles of each
bin. Third, we apply a convolution representing the experimental
energy resolution. The energy resolution employed here matches that
of the RFA detectors and is equal to AE/E = 8% as determined in an
earlier study.” The ion kinetic distribution is thus convolved using a
Gaussian function with FWHM = AE and an area of unity. All
RALEF-2D data presented hereafter are drawn from a 1 us-long simu-
lation, which allows all ions with energies above 60 eV energy to exit

scitation.org/journal/php

the mesh domain and to be accounted for in the ion energy distribu-
tions of the outflowing ion fluid.

IV. RESULTS AND DISCUSSION
A. lon emission anisotropy

Ion energy distributions d*N /dEdQ) measured by RFAs at seven
different angles with respect to the laser axis are presented by solid
lines in Figs. 2(a)-2(g). A high-energy peak is observed in the experi-
mental distributions, consistent with previous works.'””*** The local
maximum of this peak lies between 1 and 2keV depending on the
detection angle o and is most prominent in the spectra recorded from
the “front side” (a < 90°). Spectra recorded on the “back side”
(o > 90°) do not show a strong peak and instead exhibit a near-
monotonic decrease in the ion number with the increasing energy. In
relative terms, a larger number of high-energy ions (E > 1keV) are
detected on the front side than on the back side, where the back side
exhibits a higher number of low-energy ions (E < 1keV). For all
angles, the spectra exhibit a power-law type falloff with increasing
energy up to the peak feature.

Results from RALEF-2D simulations are presented in Fig. 2
alongside the experimental data. With the results in Fig. 2, the com-
parison between experimental and simulated ion energy spectra is
extended from a single angle (60°) in Hemminga et al.'” to seven mea-
surement angles. The resemblance is similar: the general shapes of the
experimental front-side spectra are reproduced by the simulations,
including the peaked high-energy feature in the front-side spectra. In
addition, the simulated spectra follow a similar angular trend where
the position of the high-energy peak shifts to lower energy while
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FIG. 2. lon energy distributions measured by the RFAs (solid lines) and simulated by RALEF-2D (dashed lines) are shown for the seven measurement angles « (a)—(g). Error
bars discussed in Sec. || B are depicted by the colored shading. In the bottom-right panel (h), the RFA and RALEF-2D spectra are shown for small (o = 30°; blue) and large
(o« = 150°; pink) angles to emphasize the shifting of spectral features with the varying angle of detection; the dotted lines show power laws in line with the distributions (see

the main text).

Phys. Plasmas 29, 123102 (2022); doi: 10.1063/5.0129112
© Author(s) 2022

29, 123102-4


https://scitation.org/journal/php

Physics of Plasmas

reducing in intensity. The overall agreement between simulations and
experiment in Fig. 2 validates the use of a single-fluid approach'” for
the full three-dimensional (3D) expansion.

As mentioned above, the spectral shape with a high-energy peak
was investigated in Hemminga et al.'” for a single angle. The peak was
associated with a density shell formed at early times during the expan-
sion. In the following we argue, using our simulation results, that the
observed ion emission anistropy can be explained by the fact that this
density shell is intrinsically anisotropic.

In Fig. 3, we present the ion speed |v| (upper-half panel) and
mass density p (lower-half panel) profiles obtained from our simula-
tions for three time steps. These time steps (4, 19, and 145 ns) refer to
the time since the beginning of the simulation, which is chosen 15 ns
prior to the occurrence of the laser intensity maximum. The temporal
profile of the laser pulse is sketched in the inset of each panel, where
the hatched area represents the portion of laser energy added to the
system up to that time. The angular positions of the seven RFAs used
in the experiment are indicated by radial white dashed lines.

At t=4ns, only a small fraction of the Gaussian temporal pulse
has illuminated the droplet, as shown in panel (a). The high-density
burst close to the droplet surface (for radial distances d < 0.05 mm) is
equivalent to the initial burst of ablation described in our previous
work.'” We note an angularly directed flow around the droplet, which
is the first indication of continuous flow of laser-ablated material
around the droplet. This is the result of large pressure gradients
between the laser-produced plasma and the surrounding quasi-
vacuum region.

As the laser intensity increases, a hot and dense plasma is formed
close to the droplet surface. Upon expansion into the surrounding
medium, this second burst of laser-induced ablation rams into mate-
rial associated with the initial ablation burst, raking up material into a
shell. At t=19ns, this shell is visible as the orange region in the bot-
tom half of Fig. 3(b). As evident from Fig. 3(b), this second ablation is
highly directional, where high-speed material is directed mostly
toward the o = 0 — 90° half-plane. As a result, the density shell devel-
ops an angular dependence, becoming quasi-spherical in nature. In
comparison to the simulation presented in Ref. 17, the current inclu-
sion of laser beam refraction leads to minor spatial fluctuations in the
formed plasma (d < 0.15mm) both in terms of speed and density.

3

ms
=
=)

4

=
w

LM (x10

-0.3

-0.10

-0.05  0.00

z (mm)

0.05 0.10

0.0 V
z (mm)

ARTICLE scitation.org/journal/php

However, at late time [t = 145 ns, panel (c) of Fig. 3], these fluctuations
in the region of the high-speed density shell have faded out, and we
find convergence to a similar expansion profile as in Ref. 17.

To better understand the plasma flow along the line-of-sight of
the RFAs, we show in Fig. 4 profiles (lineouts) of speed and density
from the simulations along radial lines toward the seven RFA positions
at t = 145 ns. Close to the droplet, the plasma flow to the back side is
clearly non-radial, cf. Figure 3(a). However, the flow is approximately
radial at late times for d > 100 pm. The angular dependence of the
quasi-spherical density shell is clearly visible: the peak in the density
profiles decreases in height and shifts to shorter distances with the
increasing angle. The linear dependence of the local flow speed on dis-
tance, shown in the inset of Fig. 4, follows the relation v/d
=1/(t —ty) = 7.7 x 105 s~ ', which is evaluated at t = 145 ns with
to = 15 ns set at the maximum laser intensity.

Combining the density and speed profiles enables obtaining and
explaining, the ion energy distributions. In particular, we can interpret
the power-law type behavior (up to the peak feature) seen in the spec-
tra in Fig. 2 in terms of the underlying density profile. Figure 2(h)
presents power-law fits d>N/dEdQ o E" to two selected observation
angles. The sole free parameter in the fit is the overall intensity (offset
in log -log representation). For the & = 30° angle, a power = —1/2
accurately captures the falloff (blue dashed line), whereas n = —1
recovers the behavior for o = 150° (pink dashed line). We note that
the distributions at intermediate angles can be described by intermedi-
ate powers 7.

The origin of these power laws can be understood from an ana-
Iytical ansatz based on a linear speed profile and an inverse power law
density profile in three dimensions: v oc r, p oc r", with radial coor-
dinate r, and volume V o 7. Omitting the explicit solid angle depen-
dence, the expression for the ion energy distribution dN /dE becomes
dN AV pnrn2

dE ™ vdv ’
where the relation r o< v oc E'/? is applied. The power laws found
experimentally can heuristically be related to analytical density profiles
in the following way: 7 = —1/2 (o = 30°) corresponds to n =2 and
n = —1 (a = 150°) to n= 3. This suggests that toward « = 150°, the
tin fluid rarefies according to its increase in volume V o r* with time.

1
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FIG. 3. Two-dimensional profiles of the ion speed |v| (upper-half panel) and mass density p (lower-half panel) are shown at times (a) 4, (b) 19, and (c) 145 ns from the onset
of laser irradiation. The hatched areas in the bottom-right corner insets schematically depict the fraction of the total laser energy added to the system up to that time. White

dashed lines indicate the positions of the seven RFAs.
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FIG. 4. Radial lineouts of the ion density profiles for the seven RFA angles at
t =145ns after the start of the simulation. The inset shows the complementary
velocity profiles, which exhibit a near-linear dependence of speed on distance,
exemplified by the dashed line.

For purely radial flow described by a linear speed profile (cf. inset
Fig. 4), the density profile p oc 1/r® is a time-independent solution of
the continuity equation, conserving the product pvr?. Toward o = 30°,
the density drop-off is less steep, described by p oc 1/r* (given that v o
r generally). It is the observed strong anisotropy in the emission that
here effectively reduces the dimensionality of the expansion.

Finally, we may partially attribute the remaining differences
between experiment and simulation to the level of completeness of the
employed simulation model, which cannot fully capture all experi-
mental conditions. For one, the experimental spectra consistently
exhibit a more gradual falloff toward higher kinetic energies than is
seen in the simulations. This discrepancy may be caused by imperfec-
tions in the laser beam profile used in the experiments, where the sim-
ulations assume perfect smoothness and symmetry. High-intensity
“hot spots” in the laser beam profile may lead to local temperature
spikes which in turn may lead to small amounts of additional high-
energy material. Further study is required to address the remaining
differences.

B. Angular distributions of number, momentum,
and energy

The overall number of ions, the total momentum, and energy
balance of an LPP are important metrics, especially in the industrial
context of the production of debris in the EUV light generation pro-
cess. For the experiment, we use our angular coverage of the axisym-
metric LPP to interpolate the captured data, in order to provide an
estimate of the total ion emission in 47 sr. For this purpose, we work
with energy-integrated spectra. In the spectral integration, the low-
energy integration boundary E,, is set to 60V to match the lower
bound of the simulation, which is set by the run time of the simulation
and the radial extent of the mesh. Per unit solid angle, the total ion
number, total radial ion momentum, and total ion energy are calcu-
lated using the following equation:

ARTICLE scitation.org/journal/php

dNeot _ (* &N,
Q me daa ™t @
dp, [ AN
0 Lm Pr(E) 7q dE, ®3)
and
dEo [ ., &N
aQ L E a5 )

where p,(E) = v/2mE is the momentum of a single tin particle with
mass m, assumed to move only in the radial direction. Since tin has
ten stable isotopes, we use the abundance-weighted average mass of
118.71 u for m.

The angular distributions of Ny, Eit, and the magnitude of the
momentum vector, p,, are shown in Fig. 5. The gray bands surround-
ing the RFA data delineate the confidence intervals of the distribu-
tions. These confidence intervals are derived from uncertainties in the
transmission of the RFA grid configuration and in the choice of the
baseline subtraction method. For the numerical counterpart, the values
defined in Egs. (2)-(4) are calculated in the same manner, for every 1°
o-wise bin. All three distributions underwent a 10° running average,
but small oscillations remain visible in the angular distributions in
Fig. 5. Numerical velocity fluctuations in the vicinity of the droplet—
both in magnitude and direction—impact the expansion further radi-
ally outwards. At such distances, these velocity fluctuations lead to
angular density fluctuations. For example, this is visible inside the
quasi-spherical density shell as seen in Fig. 3(c). However, the remain-
ing features have little impact on the overall size and shape, and we
conclude that the numerical distributions are in good agreement with
the experimental distributions.

Next, the 47n-integrated metrics are calculated using the inter-
polated data by integrating over the entire sphere exploiting the
cylindrical symmetry. The required extrapolation of the distribu-
tions below « = 30° and above 150° assumes constant values,
equal to the closest measurement entry. For the RFA measure-
ments presented in Figs. 2 and 5, we estimate the total number of
ions to be Nyt & 2.9 x 101, The fraction fy of the measured num-
ber of ions to the total number of atoms present in the initial drop-
let is 7.8%. The total energy carried by ions with E>60¢V in the
experiment is Ey = 4.1 mJ. From the RALEF-2D simulations, we
find a total ion number of 3.0 x 10'3, that is a fraction fy = 8.1%
of the total tin atoms, closely matching the experimental value.
The total kinetic energy of 4.9 m] is slightly higher than the experi-
mental value but well within the uncertainty limits. The momen-
tum imbalance is discussed separately in Sec. IV C.

C. Droplet plasma propulsion

The net absolute momentum imbalance p, in the ion emis-
sion, oriented along the z-axis given the cylindrical symmetry,
equals the momentum imparted on the remaining liquid mass not-
ing that the momentum carried by the incident laser photons is
only a negligibly small fraction of the momentum imbalance.’’
Thus, our ion emission measurements enable the prediction of the
plasma propulsion velocity of the liquid drop that was previously
studied by Kurilovich et al.”'
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FIG. 5. Angular distributions of (a) ion number, (b) ion momentum, and (c) total ion
energy, as calculated using the ion energy spectra from RFA measurements (black
circles) and from RALEF-2D simulations (solid black line). In the three panels, the
seven-point RFA datasets were interpolated and extrapolated as a guide to the eye
(black dashed line). The gray bands around the RFA distributions represent the
confidence intervals (see Sec. Il A). The RALEF-2D distributions include a 10° run-
ning average.

For the experiment presented in Figs. 2 and 5, the net absolute
projected momentum is p, = 2.6 x 10~® kg m s~ With the estimate
of the remaining molten tin mass based on our RFA data (thereby

scitation.org/journal/php

implicitly excluding mass loss in the form of neutral atoms), we
retrieve the velocity of the leftover target

41
J cos o @ aq’

VERFA = P = 0 iQ )
' Mdrop — MsnNiot ANiot ’
Mdrop — Mgn a0 aQ
0

where mgrop and msg;, are the mass of the initial droplet and the mass
of a single tin atom, respectively, and dQ' = 27 sin adu is the infinites-
imal solid angle. We obtain a propulsion velocity of the target v, ga of
3.8(8) x 10> m s~ " as inferred from the ion momentum imbalance.
Integrating the experimental values down to 40 eV instead of 60eV
(see above), to assess the impact of the lower-energy ions, yields a sim-
ilar velocity of 3.7(7) x 10> m s ' In the same manner for the
numerical modeling, we find a momentum imbalance of 3.27 x 10°8
kgm s~ ' leading to a propulsion speed of 449 m s~ .

The target velocity is also assessed directly by recording a high-
resolution single-shot shadowgraphy image of the target a few micro-
seconds after the laser-droplet impact. The shadowgraphy imaging
scheme and methods are outlined in detail in Refs. 31, 34, 52, and 53.
The target propulsion velocity v; is assessed stroboscopically by scan-
ning the delay At and obtaining the position of the center of mass, Ax,
such that assuming ballistic motion, we find v, = Ax/At, following
Refs. 31 and 34. This technique yields an average propulsion velocity
of 337 m s}, in excellent agreement with the ion momentum balance
approach.

In the RALEF-2D simulations, the shadowgraphy measurement
of velocity is best compared to the center-of-mass (COM) velocity of
the tin fluid 300 ns after the start of the simulation.” Only mesh cells
with a density in excess of the threshold value py, =1 g cm™> are
taken into account for the COM velocity calculation. This method
yields a velocity of 435 m s L, close to the 449 m s~ ! value from the
momentum imbalance approach above. The simulations thus predict
a propulsion velocity somewhat larger than found in the experiment
(consistent with Refs. 31, 34, and 39). We note that the accuracy of the
prediction of the droplet propulsion by simulations using RALEF-2D
was validated separately over a large parameter space in previous
works.”"*

Now that we have established the accuracy of the ion measure-
ments for a single experimental parameter, set through the accurate
prediction of the propulsion speed of the laser-impacted droplet using
momentum conservation, we next vary the laser pulse energy and
droplet size in the experiments. Specifically, laser pulse energies of 8,
25, 58 and 97 m] are used to irradiate droplets with sizes dgrop = 17
and 27 um. The spatial and temporal beam profiles are identical for all
droplet sizes and pulse energies. Figures 6(a) and 6(b) present the
momentum anisotropy for the various laser energies separately for
each droplet size case. Previous studies introduced scaling relations for
the plasma-imparted momentum.”* At equal laser intensities, the over-
all momentum is expected to scale with the square of the droplet
diameter. Indeed, for the current range of laser intensities, comparing
the two droplet sizes, we find that the ratio of momenta range from
2.0 - 2.5 closely matching the expected 272 /17% = 2.5 as indicated by
Kurilovich et al®* More detailed studies of plasma momentum, and
the effects of the finite laser beam size, can be found in Hernandez-
Rueda et al.”” Figure 6(c) compares the results of the propulsion speed
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inferred from the momentum balance, v;rpa, with the propulsion
speed obtained from shadowgraphy, v,. We find that the excellent
agreement holds over the full probed experimental parameter space,
which includes settings directly relevant for the industrial use case.
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FIG. 6. Angular dependence of the momentum carried by ions for a small [(a)
dyrop = 17 pm, orange markers] and a large [(b) duop = 27 pum, blue markers]
droplet. The four datasets correspond, with increasing momentum, to laser pulse
energies equal to 8, 25, 58, and 97 mJ. Droplet velocities measured through shad-
owgraphy (v), and calculated using the momentum imbalance (vigra), are com-
pared in panel (c). The dashed diagonal line denotes virra = v:.
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Momentum imbalance measurements may thus be applied to serve as
diagnostics for droplet propulsion and, the strongly correlated,”
deformation in state-of-the-art nanolithography tools.

V. CONCLUSION

We presented results from experimental and numerical studies of
the anisotropy in the expansion of a tin-microdroplet-based laser-
produced plasma into vacuum. Plasma was generated by nanosecond
Nd:YAG laser pulse impact (laser wavelength /4 = 1.064 m) onto tin
microdroplets. Measurements of the ion kinetic energy distributions
were performed using retarding field analyzers set up under several
angles. These measurements revealed strongly anisotropic emission
characteristics, in close agreement with the predictions of two-
dimensional radiation-hydrodynamic simulations performed using
the RALEF-2D code. The ion emission spectrum exhibits a high-
energy peak that was previously explained in terms of a complex
interaction between two ablation fronts. In the present work, this inter-
action was shown to lead to highly anisotropic features. A monotonic
decrease visible in the emission spectra right up to the high-energy
peak was interpreted in terms of a power-law drop in density with the
radial coordinate. The angle-resolved ion spectral measurements were
further shown to provide a very precise prediction of the propulsion of
the droplet by the plasma generated from laser-pulse impact.
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TABLE |. RFA position and coverage. Elevation angle () and azimuth (y) with
respect to the laser axis yield the angular position by a single angle « (see the main
text). RFAs are placed at a distance d from the plasma and cover a solid angle
AQ(d).

o (%) B©) 7 () d (mm) AQ (psr)
30 0 30 420 100
41 -30 330 420 100
64 30 60 420 100
90 30 270 420 100
120 0 120 296 202
139 —30 210 296 202
150 30 180 296 202
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tion (equal); Supervision (equal); Writing — review & editing (equal).
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APPENDIX: POSITIONS AND ANGULAR APERTURES OF
RFA DETECTORS

The position of and the solid angle covered by the seven RFAs
are summarized in Table T in terms of their elevation (f) and azi-
muth (y) with respect to the laser axis [see Fig. 1(a)]. The cylindrical
symmetry of the laser-droplet system defines the angular position
of any RFAs by a single angle o (see the main text).
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