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A B S T R A C T

In this paper, the charge state distributions of extreme ultraviolet (EUV) light source plasmas produced by near- 
infrared-wavelength lasers are systematically characterized. The spatiotemporal properties of laser-irradiated 
planar tin targets are examined using radiation-hydrodynamic simulations and non-local thermodynamic equi
librium calculations. Focusing on the distributions of Sn11+–Sn14+ ions, which are primarily responsible for “in- 
band” EUV emissions, a mean charge state of 12.5 is identified as the optimal ionization level for efficient EUV 
generation. This prediction is consistent with the experimental observation by Behnke et al. (2021) of short- 
wavelength spectra in the 7–10 nm range, where the contributions of the Sn11+–Sn14+ ions are well identi
fied. Simulations further reveal that spatially and temporally uniform pulses more efficiently achieve the optimal 
mean charge state, producing up to 45 % more Sn11+–Sn14+ ions than Gaussian pulses of the same energy. These 
findings provide foundational insights for advancing laser-driven EUV light sources for industrial applications.

Introduction

Developing efficient extreme ultraviolet (EUV) light sources is crit
ical for advancing nanolithography technologies. Currently, EUV light is 
primarily generated using tin laser-produced plasmas (tin-LPPs) [1–6]. 
Highly ionized tin-LPPs emit the in-band radiation within the 13.5 nm ±
1 % range, where Mo/Si multilayer mirrors exhibit peak reflectivity 
[7,8]. CO2-gas lasers operating at a wavelength of 10.6 µm are the 
standard drivers for tin-LPPs owing to their high conversion efficiency 
(CE) of laser energy into the in-band radiation [3,4]. However, their low 
wall-plug efficiency in converting electrical energy to laser light has 
spurred interest in more efficient solid-state lasers at near- and mid- 
infrared wavelengths, which offer additional advantages, such as 
compactness and flexible pulse shaping [9–11].

Building on the widespread utilization of 1.064-μm Nd:YAG lasers 
and the significant progress in the development of 1.88-μm Tm:YLF la
sers [9,12–14], recent studies on 1- and 2-μm laser-driven tin plasmas 
have confirmed their potential as EUV light sources [15–24]. Notably, 
the 2-μm laser-driven sources have demonstrated nearly double the CE 

of Nd:YAG lasers, primarily owing to the substantially reduced reab
sorption losses [17–19]. Despite these advances, near-infrared lasers 
have rarely achieved CEs comparable to CO2 lasers, underscoring the 
need for more comprehensive and systematic modeling to identify the 
optimal conditions for maximizing efficiency.

In tin-LPPs, the in-band emissions are predominantly produced by 
highly charged Sn11+–Sn14+ ions [25–28]. Therefore, understanding 
and controlling their charge state distributions is crucial for enhancing 
EUV emissions around 13.5 nm. Although many studies have attempted 
to optimize CE by varying laser parameters such as intensity 
[16–22,29–35], pulse shape [11,22], duration [15–17,20,36,37], and 
focal spot [38–40], most efforts remain somewhat phenomenological. 
Particularly, the optimal laser intensity is often described in terms of 
achieving a suitable temperature or ionization level without a quanti
tative characterization of the charge state distributions as a function of 
specific laser parameters. This gap has led to inconsistencies in the re
ported optimal parameters across experiments, indicating the necessity 
of a quantitative understanding of the Sn11+–Sn14+ populations as a 
basis for optimizing tin-LPPs.
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From a diagnostic perspective, the spectral complexity near 13.5 nm, 
due to numerous closely spaced transition lines, makes it challenging to 
directly determine ion populations [27,28,41,42]. Instead, Torretti et al. 
demonstrated that examining emission lines in the 7–10 nm range, 
where Sn11+–Sn14+ ions have more distinct and identifiable features, 
provides a promising approach for experimentally assessing their pop
ulations [25,26].

In this study, the charge state distributions in tin plasmas produced 
by 2-μm lasers are systematically investigated using radiation- 
hydrodynamics (RHD) simulation coupled with non-local thermody
namic equilibrium (NLTE) population kinetics codes. By examining the 
spatiotemporal evolution of Sn11+–Sn14+ ion distributions over a range 
of laser intensities, we identify a suitable ionization condition for effi
cient EUV generation. The results are also compared with those of 1-μm 
laser plasmas. Calculations of emission lines in the 7–10 nm range are 
used for experimental validation and presented as a diagnostic tool for 
Sn11+–Sn14+ populations. Furthermore, we explore how spatial and 
temporal pulse shaping can enhance EUV generation, providing insights 
into advanced plasma control strategies.

Method

The evolution of tin-LPPs was simulated using FLASH, a finite- 
volume Eulerian code with adaptive mesh refinement that in
corporates thermal conduction, multigroup radiation transport, and 
laser energy deposition with ray tracing [43]. In the simulations, planar 
solid tin targets were irradiated by a normally incident laser in a two- 
dimensional axisymmetric geometry, with the Z-axis as the axis of 
symmetry. The laser pulse had a Gaussian spatial profile with a 100-μm 
full width at half-maximum (FWHM) and a non-Gaussian temporal 
profile with a 5-ns FWHM, typical Q-switched laser pulses (see Fig. 2
(b)). Plasma properties obtained from the two-dimensional simulation 
domain were postprocessed by rotating them around the Z-axis to 
reconstruct a three-dimensional plasma structure.

Equation-of-state tables for tin were generated using the Frankfurt 
equation-of-state (FEOS) code, which models a wide range of material 
states, ranging from low-temperature liquid–gas mixtures to high- 
temperature plasmas [44]. The group-averaged opacities of tin were 
calculated using the collisional-radiative (CR) population kinetics model 
FLYCHK [45]. According to Griem’s criterion, local thermodynamic 
equilibrium (LTE) conditions for 13.5-nm radiation are valid only at 
electron densities that exceed 1020 cm− 3 several times for near-infrared 
laser wavelengths [46]. As most of the in-band emissions occur at den
sities far below the critical electron density (Nc [cm− 3] = 1.1 × 1021/ 
λμm

2 , where λμm is the laser wavelength), NLTE calculations are indis
pensable for accurately describing tin-LPPs. FLYCHK is widely appli
cable to various elements and plasma conditions [47–49], and its 
predictive capability for ionization distributions has been validated 
through numerous experimental comparisons [50–53].

To accurately calculate short-wavelength spectra involving a large 
number of electric dipole (E1) Δn ≥ 1 transitions—such as 
4p⁶4dm–(4p54dm5s, 4p54dm5d, 4p54dm6s, 4p54dm6d) [25]—we 
employed STAPEC, an improved spectral calculation module of 
FLYCHK. FLYCHK employs a screened hydrogenic formalism based on 
principal quantum numbers and, in principle, can describe such transi
tions. However, its simplified atomic data limits the accuracy of spectral 
predictions when compared to experimental results. To address this 
limitation, STAPEC incorporates configuration-averaged states and 
represents transition lines using the unresolved transition array 
formalism [54]. The spectral calculation proceeds as follows. First, 
FLYCHK performs a CR calculation to determine the population of each 
configuration without resolving the angular momentum sublevels. Then, 
STAPEC redistributes these populations among the different l states 
within each configuration based on a Boltzmann distribution. Finally, 
the emission spectrum is constructed by considering the transition 
probabilities and line-broadening effects for all possible transitions 

between the relevant states. For each short-wavelength spectrum, this 
approach typically involves up to one million Δn ≥ 1 transitions, leading 
to spectral predictions that show good agreement with experimental 
observations.

Because tin-LPPs are nonuniform and cannot be represented by a 
single temperature-density pair, multiple plasma conditions must be 
considered simultaneously. In this study, we employed a multizone ra
diation transport model to systematically analyze plasmas generated by 
laser pulses with nonuniform spatial intensity profiles [18,55,56]. The 
three-dimensional plasma was treated as a collection of multiple ho
mogeneous zones, as illustrated in Fig. 1. Using the temperature and 
density distributions from the RHD simulations, the charge state distri
bution, emissivity, and opacity of each zone were determined from NLTE 
calculations for a common temperature–density grid ranging 5–100 eV 
in temperature, and 10-6–10-2 g/cm3 in mass density. Each plasma zone 
was assumed to be a 100-nm-thick homogeneous slab to allow FLYCHK 
to incorporate self-absorption effects. The emissivity was calculated 
considering all radiative bound–bound, bound–free, and free–free 
transitions, whereas the opacity also included electron scattering con
tributions [49]. The overall emission spectra were obtained by inte
grating the spectral contributions from all the radiative zones along the 
line of sight toward a virtual detector at a 60◦ angle to the laser axis. The 
model also accounts for the reabsorption and distortion of inner zone 
emission spectra by the opacities of surrounding outer zones, thereby 
ensuring accurate spectral predictions. It is noted that the plasma is 
indeed anisotropic, particularly in the low-charge-state regions sur
rounding the hot EUV-emitting core. However, the reabsorption of 
Sn11+–Sn14+ emission lines in the 7–10 nm window by the surrounding 
plasma is minimal. As a result, the spectral features are largely unaf
fected by the viewing angle. The choice of detection angle may be a 
practical consideration in experimental setups. In this work, since a 60◦

detection angle has been commonly adopted in earlier studies 
[15–19,22], we chose the same configuration to ensure consistency and 
comparability with previous work.

Results

Plasma characterization at various laser intensities

Time-dependent space-averaged charge state distributions for a tin 
plasma driven by a 2-μm laser at 4 × 1010 W/cm2 are shown in Fig. 2(a). 
As laser power increases, the plasma undergoes rapid ionization and 
exhibits temporally varying charge state distributions. By t = 3 ns, 
highly charged Sn11+–Sn14+ ions begin to form. Near the laser peak (t =
4–5 ns), their abundance reaches its maximum, and the plasma attains 

Fig. 1. Simulation setup using the multizone radiation transport model.
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its highest ionization level. As the plasma cools, the charge state dis
tribution gradually shifts toward lower ionization levels.

The effective mean charge, zeff(t), which represents the average 
charge state of Sn11+–Sn14+ ions, is shown in Fig. 2(b). It reaches a 
maximum of ~ 12.8 between t = 4 and 5 ns and then gradually declines. 
This temporal evolution closely follows the laser profile, indicating the 
critical role of laser pulse shaping in optimizing the ionization dynamics.

The spatial distributions of the electron temperatures, densities, and 
mean charge states at the laser peak are shown in Fig. 3 for different 
laser intensities. The temperature peaks near the target surface (30–40 
μm from the surface) and decreases gradually with distance, whereas the 

density drops logarithmically, localizing the highly charged ions close to 
the target surface. The 50 % and 99 % contours of Sn11+–Sn14+ ions 
delineate the regions generating most of the in-band emissions, which 
span a range of temperatures and charge states. At low intensities (Fig. 3
(d)), Sn11+–Sn14+ ions are scarce; however, increasing the intensity 
expands both the overall ionization level and the regions dominated by 
these charge states. At very high intensities (Fig. 3(f)), over-ionization 
leads to a “hole” in the 99 % contour, reducing EUV generation 
efficiency.

To quantify the ionization level that leads to the efficient production 
of Sn11+–Sn14+ ions, the space–time-averaged effective mean charge Zeff 
is defined as follows: 

Zeff =

∫ ∑14
z=11znz(t)dt

∫ ∑14
z=11nz(t)dt

=

∫
zeff(t)neff(t)dt
∫

neff(t)dt
. (1) 

Here, z is the charge state; nz(t) is the population of ions in the charge 
state z at time t; and neff(t) is the total population of Sn11+–Sn14+ ions. 
This metric characterizes the representative charge state in regions that 
are primarily responsible for the in-band emissions.

A series of simulations were performed to investigate how the 
Sn11+–Sn14+ populations and Zeff vary with laser intensity in the range 
of 0.6–15 × 1010 W/cm2. Fig. 4 shows the normalized ratio Neff/E—the 
total number of Sn11+–Sn14+ ions integrated over space and time per 
unit pulse energy—and the corresponding Zeff , plotted as a function of 
the 2-μm laser intensity. As the intensity increases, Neff/E initially in
creases, peaks at 4 × 1010 W/cm2, and then decreases. Below this 

Fig. 2. (a) Time-dependent space-averaged charge state distributions of a tin 
plasma driven by a 2-μm-wavelength laser at a peak intensity of 4 × 1010 W/ 
cm2. Sn11+–Sn14+ are highlighted in red. (b) Corresponding temporal evolution 
of the effective mean charge, representing the average charge state of 
Sn11+–Sn14+ ions. The temporal profile of the laser pulse is shown for reference.

Fig. 3. (a)–(c) Spatial distribution of electron temperatures and densities at t = 4 ns. (d)–(f) Mean charge states and regions containing 50 % and 99 % of Sn11+– 
Sn14+ ions of tin plasmas produced by the 2-μm laser at various peak intensities.

Fig. 4. (left axis) Normalized ratio Neff/E, where Neff is the total number of 
Sn11+–Sn14+ ions and E is the pulse energy, plotted as a function of the 2-μm 
laser intensity. (right axis) Corresponding space–time-averaged effective mean 
charge Zeff . The vertical and horizontal dashed lines indicate the optimal laser 
intensity and effective mean charge, respectively, for efficient generation of 
Sn11+–Sn14+ ions.
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optimum intensity, insufficient ionization limits the formation of 
Sn11+–Sn14+ ions, whereas above this intensity, overionization impedes 
the efficient laser-to-EUV conversion. Concurrently, Zeff increases from a 
lower limit of 11 and reaches ~ 12.5 at the optimal intensity.

Fig. 5 presents analogous results for the 1-μm laser. In this case, Neff/

E peaks at a higher intensity of 7 × 1010 W/cm2, and this maximum 
value is about 90 % of that for the 2-μm laser. Although the Zeff curve 
follows a similar pattern, the intensity required by the 1-μm laser to 
achieve a comparable Zeff is approximately 1.9 times higher than that of 
the 2-μm laser. This intensity scaling difference aligns with the previ
ously reported values (1.9–2.4) [17–19], validating our plasma char
acterization methodology. Together, these findings demonstrate that a 
2-µm laser achieves optimal conditions at significantly lower intensities 
than a 1-µm laser.

Assuming that the in-band EUV radiation is approximately propor
tional to the number of Sn11+–Sn14+ ions, with comparable spectral 
contributions from each charge state, the intensity-dependent analysis 
of Neff/E and Zeff suggests that Zeff ≈ 12.5 corresponds to the highest 
efficiency in generating the in-band radiation for both laser wave
lengths. This value is consistent with the reported average charge state 
of the Nd:YAG laser-driven tin plasma at the optimal 13.5-nm radiation 
conditions [27]. Notably, this approach provides insights into the 
optimal CE conditions without requiring detailed modeling of 13.5-nm 
atomic transitions. Even NLTE codes with simplified atomic data, such 
as FLYCHK, can offer valuable guidance for predicting EUV yield by 
analyzing tin-LPP ionization distributions.

Experimental monitoring of charge state distribution

The charge state distributions of highly ionized tin plasmas can be 
determined from experimental data through spectral analysis in the 
short-wavelength region of 7–10 nm. Emission spectra corresponding to 
various charge state distributions at different laser intensities are 
calculated for the 2-μm laser, as shown in Fig. 6. These spectra and 
charge state distributions are time-integrated over 15 ns by summing 
instantaneous results in 1-ns steps. The spectral shapes exhibit signifi
cant sensitivity to charge state distributions. As the plasma becomes 
more ionized with increasing laser intensity, the emission features from 
higher charge states become more prominent at shorter wavelengths. 
The relative intensity of each emission provides an intuitive represen
tation of charge state distributions. Consequently, the charge state dis
tributions of the highly ionized plasma in the experiments can be 
inferred by comparing the short-wavelength spectra with those obtained 
from the simulations.

Although detailed modeling of the 13.5-nm radiation spectrum and 
CE is beyond the scope of this work due to the use of simplified atomic 
data, comparison with existing experimental results provides useful in
sights. Behnke et al. [18] reported experimentally measured CE as a 
function of laser intensity. For a 2-µm laser, a maximum CE of 

approximately 3 % was observed at an intensity of around 1 × 1011 W/ 
cm2. Although this value differs from the predicted optimal intensity (as 
shown in Fig. 4), the measured emission spectrum in the 7–10 nm range 
closely resembles the calculated spectrum at the optimal Zeff , as illus
trated in Fig. 6. This strong similarity suggests that the Zeff under Behnke 
et al.’s optimal condition is close to our predicted value of 12.5. This 
comparison supports the robustness of our approach in capturing the 
charge state distribution relevant to the in-band emission and offers 
valuable insight into the plasma conditions that optimize CE.

Pulse shaping for enhanced EUV light source

Figs. 7–9 present simulations in which 2- and 1-μm laser pulses with 
spatially Gaussian and temporally non-Gaussian profiles (hereafter, 
Gaussian pulses) are reshaped into spatially flat-top and temporally box- 
shaped pulses (flat-top pulses) with the same pulse energy and beam 
area. The reshaped pulses have a beam width of 120 μm and a duration 
of 9.5 ns, resulting in approximately 46 % lower peak intensities than 
those of the Gaussian pulses.

The Gaussian pulses create regions of over- and underheating; that is, 
high-intensity central regions raise temperatures to approximately 50 
eV, whereas lower-intensity wings underheat the plasmas, leading to 
inefficient laser energy usage (see Fig. 7). In contrast, flat-top pulses can 
mitigate these heating imbalances by adopting a uniform profile, 
allowing the optimal mean charge state to be reached with significantly 
less laser energy. This improved energy distribution enables the pulse 
duration to be extended while maintaining the same total pulse energy. 
Consequently, the flat-top pulses further stabilize zeff(t), keeping it near 
the optimal value over a prolonged period (Fig. 8). This configuration 
enables a more uniform ionization process, increasing Neff by 45 % for 
both 2- and 1-μm lasers compared to Gaussian pulses at Zeff = 12.5 
(Fig. 9). Although an increase in Neff does not directly quantify CE gains, 
it strongly suggests an improvement in CE. These findings are consistent 
with the previous reports that spatiotemporally uniform pulses yield 
higher CEs than Gaussian pulses [11,19,22].

Conclusion

We characterized the charge state distributions of tin plasmas pro
duced using near-infrared-wavelength lasers. Through combined RHD 
simulations and NLTE calculations, we identified an optimal ionization 
level for generating Sn11+–Sn14+ ions, the dominant contributors to 
13.5-nm radiation. A spectral comparison in the 7–10 nm range suc
cessfully determined the charge state distribution of the experimental 
plasma, which showed strong consistency with the simulation pre
dictions. The refined laser pulses achieved spatiotemporal uniformity by 
preventing over- and under-ionization, allowing the plasma to reach the 
optimal ionization level more efficiently.

Although a detailed calculation of CE was not performed in this 
study, recent advances in machine learning applied to NLTE calculations 
offer promising pathways for modeling the 13.5-nm radiation spectrum 
and its correlation with charge state distributions [57]. The present 
findings can serve as a foundation for such future efforts, providing 
essential guidelines for optimizing laser parameters and contributing to 
the development of more efficient EUV light sources.
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Fig. 6. Time-integrated short-wavelength spectra (left) calculated for various charge state distributions (right) of the 2-μm-driven tin plasmas, compared with the 
measured spectrum at the optimal intensity [18]. Each peak emission is labeled with its corresponding charge state(s). The spectra are normalized to their peak 
intensities at 13.5 nm and vertically offset by increments of 0.05 for clarity.

Fig. 7. Electron temperature and density distributions (at t = 4 ns) of tin 
plasmas produced by the 2-μm (a) Gaussian pulses and (b) flat-top pulses. (c), 
(d) Corresponding mean charge states and contours enclosing 50 % and 99 % of 
Sn11+– Sn14+ ions. The spatial profiles of the laser pulses are indicated. Color 
scales differ from those in Fig. 3.

Fig. 8. Temporal evolution of the effective mean charges zeff(t) for tin plasmas 
produced by 2-μm Gaussian and flat-top pulses. The temporal profiles of both 
laser pulses are shown. The green dashed line marks the optimal zeff(t) = 12.5.

Fig. 9. Normalized ratio Neff/E for the 2- and 1-μm Gaussian and flat-top 
pulses, plotted as a function of laser intensity.
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