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Drive lasers near the 4-um wavelength offer a fundamental thermodynamic advantage for extreme ultraviolet (EUV)
lithography by optimally balancing laser absorption and in-band EUV opacity. Using radiation-hydrodynamics simulations,
we investigate spatiotemporal pulse-shaping effects on 4-pum-driven Sn microdroplet plasmas under an industrially relevant
overfill geometry. An energy-conserved full-factorial strategy evaluates the independent influences of pulse duration, tem-
poral envelope, and transverse spatial profile. Results reveal that temporal and spatial shaping govern distinct physical
processes. Temporally, box-shaped profiles establish a quasi-steady-state hydrodynamic regime that sustains optimal ion-
ization, preventing the severe over-ionization of high-peak Gaussian pulses and the under-heating of extended low-power
pulses. Spatially, although transverse intensity variations negligibly impact macroscopic energy absorption, angular emis-
sion analyses demonstrate that flat-top beams uniformly ablate the target periphery. This suppresses the optically thick
peripheral plasma shroud inherent to Gaussian beams, thereby minimizing angle-dependent self-absorption and enhancing
isotropic EUV photon escape. Ultimately, combining a 15-ns box-shaped temporal envelope with a spatial flat-top profile
achieves a maximum conversion efficiency of 3.35%. Thus, optimizing EUV emission requires utilizing temporal shaping
to sustain intrinsic emissivity and spatial flattening to minimize radiation transport losses.

Keywords: laser-produced tin plasma, extreme ultraviolet lithography, 4-um nanosecond laser, radiation-
hydrodynamics simulation
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1. Introduction

Extreme ultraviolet (EUV) lithography operates at
13.5 nm, where projection optics are built around the narrow
reflectance band of Mo/Si multilayer mirrors, and has become
the key exposure technology for the most advanced integrated
circuits.['! In current source architectures, the required ra-
diation is generated from laser-produced tin (Sn) plasmas,
because multiply charged Sn ions (predominantly Sn!%* to
Sn'4*+) emit strongly near 13.5 nm.!'>! However, efficiently
extracting these photons from a highly dynamic and opaque
plasma environment to meet the massive power demands of
modern scanners remains a formidable task. The central chal-
lenge is therefore not simply the production of intense EUV
radiation, but the generation of high in-band power with fa-
vorable conversion efficiency (CE), spectral purity, source
size, and angular characteristics under lithography-relevant
conditions. 34!

State-of-the-art industrial EUV sources are based on
molten Sn microdroplets!®! irradiated in a dual-pulse scheme,
in which a prepulse first reshapes the droplet and a more en-
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ergetic main pulse subsequently generates the EUV-emitting
plasma.3# In practice, the commercial route relies on 10.6-
pum CO; laser drivers, which have enabled high-volume-
manufacturing source performance. However, this approach is
accompanied by complex target preparation and massive facil-
ity footprints. Consequently, solid-state drivers remain highly
attractive because of their potential advantages in compact-
ness, scalability, and wall-plug efficiency.!”) These consider-
ations have motivated sustained interest in shorter-wavelength
solid-state and mid-infrared laser drivers as candidate routes
for future EUV source development.!’-!7]

Among the alternative driver wavelengths, the 1-2 um
range has already demonstrated that moving away from the
conventional CO; regime can substantially reshape the plasma

7171 Schupp et al.

conditions relevant to EUV generation. !
experimentally showed that 1- and 2-pum-wavelength laser-
driven Sn microdroplet plasmas can exhibit similar spectral
features when the required drive intensity scales approxi-
mately as A~L while the 2-um case benefits from distinctly

improved spectral performance associated with lower-density
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plasma conditions and reduced optical-depth effects.!'*] More
recently, Mostafa et al. reported in-band CEs up to 5.0% from
2-pm laser-driven Sn microdroplet plasmas by achieving suffi-
ciently homogeneous plasma heating through optimization of
pulse duration, spot size, and the temporal and spatial proper-
ties of the drive pulse.l'”) Together, these studies make clear
that source performance is governed not by wavelength alone,
but by the spatiotemporal manner in which laser energy is de-
posited into the target plasma.

The broader wavelength dependence of Sn-based EUV
source performance has been clarified further by recent
radiation-hydrodynamic simulations. Hemminga et al. sys-
tematically characterized laser-driven Sn microdroplet plas-
mas over the wavelength range 1.064—10.6 um and showed
that the existence of a CE maximum near 4 pm originates from
the interplay between the optical depth of the incident laser
light and that of the in-band EUV photons for a given droplet
geometry.!® This result places 4 um in a physically distin-
guished regime; it corresponds to a thermodynamic “sweet
spot” in which laser coupling and in-band reabsorption can
become favorably balanced. Very recent simulations on pre-
formed Sn targets further reinforced the importance of this
wavelength region, reporting CE values up to 7.1% under 4-
pm irradiation when long-pulse and spatially uniform heating
conditions are established.'®!

From the laser-technology perspective, 4 pm drivers
have also attracted increasing attention in the broader de-
Solid-state and
nonlinear-conversion schemes, including optical parametric

velopment of mid-infrared laser sources.

sources based on ZnGeP; crystals, have demonstrated ac-
cess to high-power nanosecond radiation in this wavelength
region.!'°l However, compared with the mature 10.6 um-CO,-
laser systems used in present industrial EUV sources, practi-
cal 4 um drivers still face challenges in pulse energy, average
power, repetition rate, long-term stability, beam control, and
overall system robustness. Thus, 4 pm laser-driven Sn plasma
sources should presently be regarded as an emerging and ex-
ploratory route rather than an established industrial technol-
ogy. This situation makes numerical studies particularly useful
for evaluating the source-physics potential of this wavelength
before full laser-system maturity is reached. Once a favorable
wavelength regime is identified, the next key question is how
the laser energy should be delivered in time and across the fo-
cal spot to fully exploit this wavelength advantage.
Concurrently, a substantial body of work has shown that
pulse shaping can be as important as wavelength selection.
Early studies already identified optical depth, pulse duration,
focal spot size, and laser wavelength as key parameters gov-
erning the in-band output of Sn plasmas.?%->3] More recently,
Sizyuk et al. showed that temporal prepulse shaping in a dual-
pulse tin-microdroplet system can increase the EUV output

by 24% relative to a standard Gaussian prepulse at the same
pulse energy.!**! On the spatial side, Dong et al. demonstrated
that tailoring the transverse laser profile for preformed Sn disk
targets can raise the CE from 3.5% to 4.1% under otherwise
identical irradiation conditions.'?>! These results strongly sug-
gest that the laser waveform should be regarded as a primary
control parameter of EUV-source physics rather than as a sec-
ondary technical detail.

Despite these advances, an important gap remains in the
open literature. Existing studies have largely focused on wave-
length optimization, prepulse design, or profile tailoring in
dual-pulse or preformed-target configurations, whereas con-
trolled single-pulse comparisons at a fixed 4-pum wavelength
under identical droplet, focusing, and energy conditions re-
main limited. This gap is significant because the physical ori-
gin of the favorable 4-um regime itself is a balance between
absorption and opacity, and that balance is expected to depend
sensitively on how the laser energy is distributed in time and
across the focal spot. To the best of our knowledge, a fully
balanced study that separately resolves the roles of pulse dura-
tion, temporal envelope, and transverse intensity profile for Sn
microdroplet plasmas driven by a 4-pm laser has not yet been
systematically reported in the open literature. This unresolved
issue directly motivates the present work.

In this work, we perform a factor-resolved comparative
study of Sn microdroplet plasmas driven by a 4-um nanosec-
ond laser by independently varying three factors: pulse du-
ration, temporal waveform, and transverse intensity profile.
Specifically, we adopt a fully balanced 2 x 2 x 2 design com-
prising two pulse durations (15 ns vs. 36 ns), two temporal
envelopes (box-shaped vs. Gaussian), and two spatial beam
profiles (flat-top vs. Gaussian), while keeping the laser wave-
length, total pulse energy, focal size, droplet radius, and ini-
tial density fixed. This design enables us to disentangle the
main and coupled effects of spatiotemporal pulse shaping on
the distributions of plasma state parameters and to correlate
these changes directly with the resulting EUV radiation met-
rics, such as in-band CE. Ultimately, this study establishes
a comprehensive physical framework detailing how tempo-
ral waveform control sustains the optimal transient ionization
balance and how spatial profile flattening mitigates peripheral
opacity to minimize angle-dependent radiation transport losses
in mid-infrared-driven extreme ultraviolet sources.

2. Numerical model and simulation setup

We performed numerical simulations of laser-
produced Sn plasmas using the two-dimensional radiation-
RHDLPP,26:27] with
its three-dimensional spectral post-processing module
SpeIma3D.[26-301 The integrated RHDLPP-Spelma3D frame-

work enables self-consistent prediction of plasma evolution

hydrodynamics code together
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and detector-relevant EUV observables, and has been applied
previously to the investigation of LPP dynamics and EUV
emission in parameter regimes relevant to lithographic light
sources. [2627:31:32] T the following, we briefly summarize the
numerical model and specify the simulation setup adopted in
the present work.

2.1. Numerical model

RHDLPP is

hydrodynamics code developed for the simulation of laser-

a flux-limited multigroup radiation-

produced plasmas. The governing equations are solved in
an Eulerian framework and can be configured in one- or
two-dimensional Cartesian, cylindrical, or spherical geome-
tries. RHDLPP incorporates the principal physical modules
required for Sn-plasma EUV-source simulations, including hy-
drodynamics, electron heat conduction, multigroup radiation
transport, laser propagation and energy deposition, equation
of state, ionization-state calculation, and spectral synthesis.
Radiation transport is treated using a multigroup flux-limited
diffusion approximation. The coupled hyperbolic-parabolic
system is advanced by an operator-splitting strategy: the hy-
perbolic subsystem associated with fluid motion and radiation
advection is solved explicitly, whereas the stiff parabolic sub-
system, including radiation diffusion, heat conduction, and
energy exchange, is treated implicitly to ensure numerical
stability and robustness.

Laser propagation and energy deposition are modeled us-
ing a hybrid approach that combines geometrical-optics ray
tracing in subcritical plasma regions with a one-dimensional
solution of the Helmholtz wave equation in supercritical re-
gions, allowing broadband simulations over a wide range of
laser wavelengths. Thermodynamic quantities are evaluated
using a quotidian equation of state (QEOS). Charge-state dis-
tributions and average ionization levels are obtained from a
steady-state collisional-radiative model based on screened-
hydrogenic atomic data.

To obtain detector-relevant EUV observables from the
strongly nonuniform and optically thick Sn plasmas, we em-
ploy the post-processing module Spelma3D. This module re-
constructs a three-dimensional plasma volume by revolving
the two-dimensional axisymmetric (r, z) fields about the sym-
metry axis, and then performs detector-consistent ray tracing
through the reconstructed plasma. Along each ray, the local
wavelength-dependent emissivity and absorption coefficient
are evaluated from the plasma state, and the radiative trans-
fer equation is solved to obtain the emergent spectral inten-
sity. By integrating over the accepted ray ensemble, detec-
tor area, and time, Spelma3D yields time-resolved and time-
integrated spectra, angle-dependent spectra, transient images,
and derived quantities such as the in-band energy, CE, and SP.

Further details regarding the numerical formulation, im-
plementation, verification, and representative applications of
RHDLPP and Spelma3D have been reported in our previous

S [26-31

publication I and are not repeated here.

2.2. Simulation setup

In the present study, all simulations are performed for
a spherical liquid Sn microdroplet with radius Ry = 23 pum
and initial density py = 6.9 g/cm3. The incident laser wave-
length is fixed at 4 pm, the total laser energy is fixed at 77 mJ,
and the focal-spot radius is fixed at 54 pm. The value of
77 mJ was selected so that the reference irradiation condition,
namely the 15 ns box-shaped pulse with a 54 pum radius flat-
top beam, corresponds to an average laser intensity of approxi-
mately 0.56 x 10! W/cm?, which lies near the favorable 4 pm
operating regime identified in the wavelength—intensity scan
discussed below. Keeping the total laser energy fixed for all
cases also ensures that the subsequent comparison isolates the
effects of pulse duration, temporal waveform, and transverse
intensity profile, rather than changes in the total input-energy
scale.

T T T T T T T T T T
-..i=———Box shaped:15 ns:|
‘ ‘Gaussian-15ns |
; jBox s:haped-j36 ns
bl Gaussian-36-ns- -

—
=]
T

o
T

Laser input power (MW)
=

0 i i

1I2 1I6 2I0 2I4 2I8 3I2 36
Time (ns)
Fig. 1. Temporal laser input-power waveforms adopted in this work. Four
representative temporal cases are considered: 15 ns box-shaped (black),
15 ns Gaussian (red), 36 ns box-shaped (blue), and 36 ns Gaussian (or-
ange) pulses.

To this end, we adopt a fully balanced 2 x 2 x 2 design
comprising two pulse durations, two temporal waveforms, and
two spatial profiles. The pulse durations are 15 ns and 36 ns.
The 15 ns duration was chosen as the reference nanosecond
pulse width for the present 4 pm irradiation condition, because
this timescale is commonly used in Nd: YAG-driven Sn micro-
droplet EUV studies; for example, Schupp et al.”) employed
15 ns temporally shaped pulses with a flat-top spatial profile
in their experimental study of EUV generation from Sn mi-
crodroplet plasmas. The 36 ns duration was introduced as an
extended-pulse case to examine how slower energy delivery
affects plasma heating, hydrodynamic expansion, ionization
balance, and EUV emission under the same total laser energy.
For each duration, the temporal waveform is taken to be ei-
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ther box-shaped or Gaussian. The corresponding laser input-
power histories are shown in Fig. 1. To strictly conserve the
total pulse energy of 77 mlJ, the power amplitudes are math-
ematically scaled as follows: for the 15-ns box-shaped pulse,
the laser power is constant at 5.13 MW; for the 15-ns Gaus-
sian pulse, the temporal full width at half maximum (FWHM)
is 7 ns, the peak-power time is 7.7 ns, and the peak power is
10.23 MW, for the 36-ns box-shaped pulse, the laser power is
constant at 2.14 MW; and for the 36-ns Gaussian pulse, the
temporal FWHM is 14.3 ns, the peak-power time is 18 ns, and
the peak power is 5.13 MW.

For the transverse intensity distribution, two spatial pro-
files are considered. The first is a flat-top profile with a beam
radius of 54 pm. The second is a Gaussian profile with a

transverse FWHM of 66 um. Since the 23 pum radius Sn mi-
crodroplet has an initial diameter of 46 pum, the characteristic
transverse size of the laser focal spot is larger than the initial
droplet size for both spatial profiles. We refer to this irradi-
ation configuration as the overfill geometry. By combining
the four temporal cases shown in Fig. 1 with the two spatial
profiles, a total of eight irradiation conditions are constructed.
The complete set of simulated cases is summarized in Table 1.

Unless otherwise specified, the in-band CE is defined as
the ratio of the time-integrated EUV energy within 13.5 nm
+1% emitted into the full collector-side hemisphere to the to-
tal incident laser energy. The collection solid angle used for

the CE calculation is 27 steradians.

Table 1. Laser conditions for the eight simulated cases.

Case  Pulse duration (ns) Temporal waveform Spatial profile
1 15 Box-shaped Flat-top (radius = 54 um)
2 15 Box-shaped Gaussian (FWHM = 66 pum)
3 15 Gaussian (FWHM = 7 ns) Flat-top (radius = 54 um)
4 15 Gaussian (FWHM = 7 ns) Gaussian (FWHM = 66 um)
5 36 Box-shaped Flat-top (radius = 54 pum)
6 36 Box-shaped Gaussian (FWHM = 66 um)
7 36 Gaussian (FWHM = 14.3 ns) Flat-top (radius = 54 um)
8 36 Gaussian (FWHM = 14.3 ns)  Gaussian (FWHM = 66 pum)

3. Results and discussion

Before discussing the waveform dependence of the eight
simulated cases, we first clarify the motivation for selecting a
4-um driver wavelength. Figure 2 shows the calculated CE as
a function of laser wavelength and laser intensity for Sn mi-
crodroplets under the common reference irradiation condition
defined by case 1 in Section 2. As visualized by the bubble
sizes in Fig. 2, the CE exhibits a pronounced, non-monotonic
dependence on the drive wavelength. At shorter wavelengths
(e.g., 1.064 um), the inherently high critical electron den-
sity (ne o< A~2) generates an optically thick plasma corona.
Consequently, the generated 13.5-nm EUV photons undergo
severe reabsorption before escaping the plasma, which lim-
its the achievable CE. Conversely, at 10.6 um, although the
plasma is optically thin to EUV radiation, the low critical den-
sity reduces the inverse bremsstrahlung absorption efficiency,
leading to suboptimal laser—plasma coupling. A macroscopic
thermodynamic optimum emerges in the mid-infrared regime.
Specifically, the 4-um driver establishes a condition where the
plasma (¢, ~ 6.25 x 10" cm™3) is sufficiently dense to absorb
the incident laser energy efficiently, yet adequately rarefied to
permit the escape of in-band photons, yielding a maximum CE
exceeding 3.3%. This fundamental wavelength advantage jus-
tifies anchoring the drive wavelength at 4 um, ensuring that the
subsequent CE variations are exclusively attributable to spa-
tiotemporal hydrodynamic manipulation.

It should be emphasized that Fig. 2 is used here to justify
the choice of 4 um as the driver wavelength, not to claim a
universally optimal wavelength for all pulse shapes. Rather, it
shows that 4 um already provides a highly competitive oper-
ating window under a common reference waveform, making
it an appropriate wavelength at which to isolate the effects of
pulse duration, temporal waveform, and transverse profile.

o & CE (%)
g 000 ()
© 0.51.21.9 2.6 3.3
B 10 -
S
o
=
> _
°
=]
()
g
E
3 17
wn
]
—
0 2 4 6 8 10

Laser wavelength (um)

Fig. 2. Calculated in-band EUV CE as a function of the drive laser wave-
length and peak laser intensity. The area of each circular marker is pro-
portional to the calculated CE value, with a reference scale provided in
the inset. All data points in this parameter scan utilize the spatiotem-
poral irradiation configuration of case 1 (a 15-ns box-shaped temporal
profile and a 54-pum-radius flat-top spatial profile) irradiating an identical
23-pum-radius spherical liquid Sn droplet.

With the wavelength fixed at 4 pm and the total single-
pulse energy strictly conserved at 77 mlJ, the influence of spa-
tiotemporal waveforms on the dynamic coupling of laser en-
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ergy into the target is investigated. Figure 3 illustrates the tem-
poral evolution of the prescribed incident laser power (smooth
envelope curves) and the calculated absorbed power (fluctu-
ating curves) for the eight cases. For clarity, the case num-
bers used in Figs. 3—7 follow the irradiation conditions de-
fined in Table 1. The high-frequency fluctuations in the ab-
sorbed power reflect the dynamic interaction between the con-
tinuous hydrodynamic expansion of the plasma and the laser
ray-tracing absorption process.

A primary observation from Fig. 3 is the distinct transi-
tion between transient and quasi-steady-state absorption be-
haviors governed by the temporal pulse shape. For the box-
shaped temporal profiles (cases 1, 2, 5, and 6), the absorbed
power exhibits a rapid initial rise during the first few nanosec-
onds, followed by a prolonged, stable plateau. During this
plateau, the absorbed power fluctuates around a nearly con-
stant mean value (approximately 4.0 MW for cases 1 and 2,
and 1.9 MW for cases 5 and 6) until the termination of the
pulse. This behavior indicates that a quasi-steady-state hydro-
dynamic regime is established, where laser energy deposition
dynamically balances the energy dissipation through plasma
expansion. In contrast, for the Gaussian temporal profiles
(cases 3, 4, 7, and 8), the absorbed power continuously tracks
the transient rising and falling edges of the incident pulse, re-
taining the overarching Gaussian characteristic without form-
ing a steady-state absorption phase.

10 Box-shaped | |——— Gaussian |
Case 1 ——— Case 3
Case 2 Case 4
81 i
Box-shaped | [ Gaussian
Case 5 Case 7
6 Case 6 Case 8

Laser input power (MW)

1 1 1
16 20 24

Time (ns)

1 1 )
28 32 36

Fig. 3. Temporal evolution of the prescribed incident laser power (smooth
envelope curves) and the dynamically calculated absorbed power (fluctu-
ating curves) for the eight spatiotemporal configurations. The incident
drive wavelength is fixed at 4 um. Within each temporal waveform pair-
ing, configurations employing a spatial flat-top profile (cases 1, 3, 5, and
7) are denoted by darker lines, while those utilizing a spatial Gaussian
profile (cases 2, 4, 6, and 8) are denoted by lighter lines. The case num-
bers correspond to the irradiation conditions summarized in Table 1.

Furthermore, Fig. 3 reveals that the macroscopic absorbed
power is relatively insensitive to the transverse spatial profile
under the evaluated overfill geometry. Within each tempo-
ral waveform pairing, the fluctuating absorbed power curves
for the spatial flat-top configurations (e.g., cases 1, 3, 5, and
7) and their spatial Gaussian counterparts (e.g., cases 2, 4,

6, and 8) largely overlap, exhibiting no substantial system-
atic difference in magnitude. This indicates that modifying
the transverse intensity distribution from a Gaussian to a flat-
top profile under these specific conditions does not drastically
alter the total fraction of laser energy coupled into the expand-
ing plasma. Additionally, the data demonstrate that the in-
stantaneous absorption fraction depends heavily on the inci-
dent power level. For the low-power 36-ns box-shaped pulses
(cases 5 and 6, maintained at 2.14 MW), the absorbed power
curves closely approach the incident power envelopes, repre-
senting a highly efficient macroscopic fractional absorption.
However, for the 15-ns Gaussian pulses (cases 3 and 4), which
introduce a high peak power of 10.23 MW, a substantial ab-
solute difference emerges between the incident and absorbed
power near the pulse peak. The maximum absorbed power
saturates near 6.5 MW, indicating a notable decrease in the
absorption fraction. This suggests that at extreme intensities,
a larger portion of the incident laser energy is decoupled from
the target, likely due to enhanced reflection or refraction at the
critically dense surface before it can be absorbed.

The spatiotemporal distribution of this absorbed energy
fundamentally determines the thermodynamic states and the
resulting EUV emissivity. Efficient 13.5-nm emission requires
a substantial volume of the Sn plasma to be maintained within
an electron temperature (7;) range of 30—40 eV, which pre-
dominantly populates the EUV-emitting Sn'%* to Sn'#* jon
stages. Figure 4 presents the two-dimensional spatial distri-
butions of 7. and the average charge state (Z,) for all eight
cases. To ensure a thermodynamically equivalent compari-
son independent of the total pulse duration, these spatial pro-
files are extracted at the temporal midpoint of the cumula-
tive energy deposition, corresponding to the time when exactly
38.5 mJ of laser energy has been delivered (t = 7.5 ns for the
15-ns pulses, and ¢t = 18.0 ns for the 36-ns pulses). The black
circle marks the initial droplet, and the brown contour indi-
cates the critical-density surface for the 4-um laser.

The distributions in Fig. 4 illustrate that the transverse
spatial profile of the laser exerts a negligible influence on the
macroscopic plasma morphology under the evaluated over-
fill conditions. A direct comparison between the spatial flat-
top configurations (left column) and their spatial Gaussian
counterparts (right column) for any given temporal wave-
form reveals that the geometric contours of the critical density
surfaces and the spatial extents of the high-temperature and
highly ionized regions are visually indistinguishable. Because
the characteristic transverse dimensions of the laser focal spots
(54 pm radius and 66 pnm FWHM) significantly exceed the
46—um initial droplet diameter, the spherical target interacts
predominantly with the central, relatively uniform portion of
the incident beam. Consequently, the local ablative pressure
gradients established across the droplet surface remain com-
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parable regardless of the overarching transverse intensity dis-
tribution, leading to similar multidimensional hydrodynamic
expansion dynamics. This spatial insensitivity corroborates
the comparable macroscopic absorption behaviors observed in

Fig. 3.
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Fig. 4. Two-dimensional axisymmetric spatial distributions of the elec-
tron temperature (7, upper halves) and the average charge state (Zyye,
lower halves) on the r—z plane for the eight spatiotemporal configura-
tions. The solid black circles indicate the initial size and position of
the 23-um-radius Sn droplet. The solid brown curves delineate the dy-
namically expanding critical electron density surface for the 4-um drive
laser (ne ~ 6.25 x 10" cm~3). To ensure a thermodynamically equivalent
comparison independent of the total pulse duration, the spatial fields are
extracted at the temporal midpoint of the cumulative energy deposition,
corresponding to exactly 38.5 mJ of delivered laser energy (t = 7.5 ns for
the 15-ns pulses and ¢ = 18.0 ns for the 36-ns pulses). The case numbers
correspond to the irradiation conditions summarized in Table 1.

Given this macroscopic spatial similarity, Fig. 4 demon-
strates that the ionization balance and the thermodynamic tra-
jectories are overwhelmingly dictated by the temporal power
injection rate. For the 15-ns Gaussian profiles (cases 3 and 4),
the high peak power of 10.23 MW rapidly heats the plasma
corona. The localized T. readily exceeds 40 eV, driving the
ionization state beyond the optimal stages (Zyye > 14). This
excessive ionization depletes the primary EUV-emitting Sn
ions, redirecting absorbed energy into out-of-band transitions.
Conversely, the 36-ns box-shaped profiles (cases 5 and 6)
provide a protracted energy injection rate of 2.14 MW. This
low power is insufficient to overcome continuous hydrody-
namic expansion cooling, resulting in a plasma that remains
under-heated (7 < 30 eV) and under-ionized (Z,ye < 10). No-
tably, the 15-ns box-shaped (cases 1 and 2) and 36-ns Gaus-
sian (cases 7 and 8) pulses, both operating at a comparable
instantaneous power of approximately 5.1 MW at this evalu-
ated timestamp, establish a favorable thermal balance. These
configurations successfully elevate a substantial volume of the
expanding corona into the 30-40 eV and Z,,. ~ 10-13 regime,
providing the necessary thermodynamic conditions for maxi-
mizing in-band EUV emission.

The thermodynamic states established within the plasma
directly dictate the transient generation and subsequent extrac-

tion of in-band EUV photons. Figure 5 shows the temporal
evolution of the in-band EUV power for all eight cases. The
temporal emission profiles rigorously reflect the ionization dy-
namics identified in the macroscopic plasma states. For the 15-
ns Gaussian profiles, the in-band power exhibits a rapid onset
followed by a rapid decline. This behavior is a direct conse-
quence of rapid overheating; the high power injection quickly
drives the localized electron temperature beyond the optimal
regime, forcing the Sn ions into over-ionized states that cease
to contribute to the 13.5-nm emission. In contrast, the 15-
ns box-shaped profiles establish a broad, sustained emission
plateau. This prolonged emission confirms that the constant
energy injection rate effectively matches the hydrodynamic
expansion timescale, thereby dynamically maintaining the ex-
panding plasma volume within the optimal emitting tempera-
ture regime. The 36-ns box-shaped profiles generate a persis-
tently low EUV output, which corroborates the severe under-
heating and insufficient ionization condition. The 36-ns Gaus-
sian profiles yield a broad emission envelope with a high peak,
indicating a favorable balance between the energy injection
rate and expansion cooling over the extended pulse duration.

Furthermore, Fig. 5 reveals a systematic dependence of
the extracted EUV power on the transverse spatial profile.
Within each temporal waveform pairing, the configuration uti-
lizing a spatial flat-top beam consistently generates higher in-
stantaneous in-band power than its spatial Gaussian counter-
part. As established in Figs. 3 and 4, the macroscopic absorbed
energy and the overall multidimensional expansion morphol-
ogy remain highly comparable between these spatial variants.
Therefore, this substantial reduction in observable emission
for the spatial Gaussian cases cannot be attributed to a deficit
in primary energy coupling or a collapse of the emitting vol-
ume. Instead, the reduction must originate from severe lo-
calized radiation transport losses, specifically enhanced self-
absorption within the plasma corona.
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Fig. 5. Time-resolved in-band EUV emission power for the eight sim-
ulated spatiotemporal configurations. The in-band spectral window is
defined as 13.5 nm £1%. The line color and shading conventions cor-
respond to the pairings defined in Fig. 3. The case numbers correspond
to the irradiation conditions summarized in Table 1.
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Fig. 6. Normalized angular distributions of the time-integrated in-band
EUV energy for the eight spatiotemporal configurations. The observa-
tion angle is defined relative to the laser incidence axis (0°). To explic-
itly decouple the angle-dependent emission anisotropy from the absolute
radiation yield, the angular distribution curve for each configuration is
individually self-normalized to its respective maximum intensity along
the laser incidence axis. The case numbers correspond to the irradiation
conditions summarized in Table 1.

To explicitly isolate and evaluate this opacity mechanism,
the angular distribution of the escaping EUV radiation is an-
alyzed. Figure 6 presents the normalized time-integrated in-
band EUV energy as a function of the observation angle. By
self-normalizing each angular distribution curve to its respec-
tive on-axis (0°) maximum, the geometric isotropy of the EUV
emission is distinctly decoupled from the absolute radiation
yield. The data demonstrate that configurations driven by spa-
tial Gaussian beams display a more forward-peaked angular
distribution, characterized by a steeper attenuation of the nor-
malized EUV intensity at larger observation angles (e.g., ap-
proaching 90°). Conversely, the spatial flat-top beams yield a
broader, more isotropic emission profile.

This angle-dependent attenuation is fundamentally gov-
erned by the line-of-sight optical depth through the inhomo-
geneous plasma. EUV photons escaping at larger observa-
tion angles must geometrically traverse a significantly longer
physical chord through the transverse periphery of the plasma
corona. Under the evaluated overfill geometry, the extended,
low-intensity radial wings of the spatial Gaussian beam de-
posit insufficient energy at the target periphery. This weak
peripheral ablation creates a relatively cool, high-density, and
under-ionized plasma shroud surrounding the hot emitting
core. This peripheral shroud sustains a high photoabsorption
cross section for 13.5-nm radiation, acting as a radial opacity
barrier that severely attenuates high-angle photons. The spa-
tial flat-top beam, providing uniform transverse irradiance and
a sharp transverse truncation, uniformly ablates the target edge

and suppresses the formation of this optically thick peripheral
layer. By minimizing the extent of the cold peripheral plasma,
the flat-top beam significantly reduces the line-of-sight optical
depth at high angles, allowing a larger fraction of the internally
generated EUV photons to escape across the entire collection
solid angle.

The ultimate in-band CE represents the spatiotemporal
integration of these transient generation and radiation trans-
port processes. Figure 7 presents the overall CE for the eight
configurations. The final CE systematically synthesizes the
combined effects of the temporal heating balance and the spa-
tial opacity mitigation. Within every temporal category, the
spatial flat-top configuration definitively yields a higher CE
than the corresponding spatial Gaussian configuration. Tem-
porally, the 15-ns box-shaped pulse and the 36-ns Gaussian
pulse achieve the highest efficiencies, as they provide an ap-
propriate temporal power evolution to sustain the requisite ion-
ization balance without inducing severe over-ionization or in-
sufficient heating. Ultimately, case 1, which utilizes a 15-ns
box-shaped temporal envelope and a 54-pum flat-top spatial
profile, achieves the maximum CE of approximately 3.35%.
This optimal performance demonstrates that maximizing the
extraction of EUV radiation relies not merely on depositing to-
tal energy, but requires a rigorous dual-optimization strategy:
temporal waveform shaping to sustain the intrinsic plasma
emissivity, and spatial profile flattening to minimize angle-
dependent opacity losses during photon transport.
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Fig. 7. Calculated total in-band CE for the eight simulated spatiotemporal
configurations. The CE is evaluated according to the definition given in
Section 2, using the fixed total incident single-pulse laser energy of 77 mJ.
The case numbers correspond to the irradiation conditions summarized in
Table 1.

To relate the present single-pulse spherical-droplet results
to more practical EUV-source configurations, it is useful to
consider their implications for preformed disk-like targets(>3!]
generated in dual-pulse schemes. In industrially relevant
source concepts, the main pulse typically irradiates an ex-
panded Sn target rather than an initially spherical droplet. The
present configuration is therefore not intended to reproduce the

complete dual-pulse sequence, but to isolate the basic roles of
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temporal and transverse pulse shaping under controlled energy
and focusing conditions. Nevertheless, the physical mecha-
nisms identified here are expected to provide useful guidance
for preformed-target optimization. For a disk-like target, tem-
poral waveform control should remain important because the
main pulse must maintain a sufficiently large plasma volume
within the favorable temperature and charge-state ranges for
13.5 nm emission while avoiding both local over-ionization
and insufficient heating during hydrodynamic expansion. Sim-
ilarly, transverse-profile control should remain important be-
cause the spatial distribution of deposited energy determines
the peripheral density and temperature gradients, the forma-
tion of optically thick absorbing layers, and the angular es-
cape of in-band photons. However, the exact optimal spa-
tial profile may differ from that for a spherical droplet, since
disk-like targets have a larger transverse extent and a differ-
ent areal-density distribution. In such geometries, flat-top,
annular, or other tailored profiles may be required to achieve
homogeneous heating, favorable plasma confinement, and re-
duced radiation-transport losses. Therefore, the present results
should be regarded as identifying general spatiotemporal de-
sign principles, while further simulations including realistic
prepulse-induced target deformation will be necessary to de-
termine the optimum conditions for practical dual-pulse EUV
sources.

4. Summary

The optimization of laser-produced tin plasmas for ex-
treme ultraviolet lithography necessitates precise control over
multidimensional thermodynamic trajectories and radiation
transport processes. In this study, we systematically decou-
ple the effects of spatiotemporal laser pulse shaping on EUV
emission from 4-pum-driven Sn microdroplets using radiation-
hydrodynamics simulations. Initial wavelength-scaling evalu-
ations confirm that the 4-pum driver operates within a macro-
scopic thermodynamic optimum, effectively balancing the in-
verse bremsstrahlung absorption efficiency against the line-of-
sight optical depth of the expanding plasma. To isolate the un-
derlying physical mechanisms, we construct a fully balanced
2 x 2 x 2 parameter matrix varying pulse duration, temporal
envelope, and transverse spatial profile. All simulations are
rigorously constrained by an identical total single-pulse en-
ergy of 77 mJ and an industrially relevant overfill geometry,
ensuring that subsequent variations in the plasma states and
EUYV yield are exclusively attributable to the spatiotemporal
energy deposition gradients.

The comparative analysis reveals that temporal and spa-
tial pulse shaping govern two distinctly decoupled aspects
of EUV source physics. The temporal power injection rate
acts as the primary mechanism regulating the instantaneous

ionization balance. High-peak-power Gaussian pulses in-
duce rapid transient overheating, driving the plasma into
over-ionized states that deplete the EUV-emitting ion popu-
lation and redirect absorbed energy into out-of-band transi-
tions. Conversely, extended low-power continuous pulses fail
to overcome hydrodynamic expansion cooling, resulting in
under-heated and under-ionized plasmas. The implementation
of moderate-power, box-shaped temporal profiles establishes
a quasi-steady-state hydrodynamic regime. This dynamic bal-
ance effectively sustains a substantial plasma volume within
the requisite 30—40 eV electron temperature window, thereby
maximizing the intrinsic 13.5-nm emissivity throughout the
pulse duration.

Concurrently, the transverse spatial profile dictates the ef-
ficiency of EUV photon extraction by modifying the line-of-
sight optical depth. Under the evaluated overfill conditions,
modifying the spatial intensity distribution from Gaussian to
flat-top produces negligible variations in the total macroscopic
absorbed energy and the geometric expansion of the critical
density surface. However, angularly resolved emission data
explicitly demonstrate that the extended low-intensity wings
characteristic of a spatial Gaussian beam provide insufficient
localized heating at the droplet periphery. This radial energy
deficit facilitates the formation of a dense, under-ionized pe-
ripheral plasma shroud that exhibits high opacity to 13.5-nm
radiation, severely attenuating photons escaping at large ob-
servation angles. The application of a spatial flat-top beam en-
sures uniform transverse irradiance, preventing the formation
of this optically thick peripheral barrier and consequently pro-
moting a more isotropic and efficient escape of the generated
EUYV photons.

Ultimately, the synthesis of these decoupled physical
mechanisms determines the overall source efficiency. The
configuration utilizing a 15-ns box-shaped temporal envelope
combined with a 54-pum-radius spatial flat-top beam achieves
the highest in-band CE of approximately 3.35%. These find-
ings quantitatively establish that the theoretical advantages of
the mid-infrared 4-um drive wavelength can only be fully
realized through a dual-optimization spatiotemporal strategy.
Specifically, future EUV source engineering must indepen-
dently implement temporal waveform synthesis to stabilize the
intrinsic plasma ionization states and spatial beam homoge-
nization to minimize localized radiation transport losses.
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