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Abstract

Short-wavelength solid-state lasers are considered promising drivers for next-generation extreme ultra-
violet (EUV) lithography sources owing to their compact architecture and high electro-optical conversion
efficiency. Using a one-dimensional radiation-hydrodynamic model, the EUV emission characteristics of
laser-driven Li plasmas were investigated, and the dependence of the in-band conversion efficiency (CE)
within a 2% bandwidth centered at 13.5 nm on laser wavelength and intensity was analyzed. The results
show that the optimal laser intensity increases with decreasing wavelength, while the CE exhibits a non-
monotonic dependence on wavelength. A maximum CE of 2.5% was obtained at a wavelength of 0.5 pm and
an intensity of 6 x 10'® W/cm?, accompanied by a relatively high spectral purity (SP) of 22.4%. Further
analysis reveals that shorter wavelengths shift laser energy deposition toward denser plasma regions, thereby
increasing the radiation efficiency. However, the resulting increase in plasma optical depth enhances radi-
ation self-absorption and re-emission processes, leading to spectral broadening and a reduction in SP. The
evolution of the CE is therefore governed by the competition between radiation enhancement and spectral
broadening. To boost optimization efficiency, the enhanced Bayesian optimization framework identified the
reference global optimum within 25 total objective-function evaluations in a representative run, compared
with 272 simulations required for exhaustive grid scanning. Additional comparisons with available Li-target
experiments show good agreement in the CE-intensity trends and major EUV spectral features. These re-
sults provide physical insight into short-wavelength laser-driven Li-plasma EUV emission and demonstrate

the potential of Bayesian optimization for efficient parameter optimization of laser-driven EUV sources.
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1. Introduction

Extreme ultraviolet (EUV) lithography has become a critical core technology for advanced semicon-
ductor manufacturing, providing essential support for the continuous development of highly integrated
and small-scale devices ['"%. Laser-produced plasma (LPP) is currently the mainstream EUV light source
scheme "2 the fundamental principle of which is to use high-power laser irradiation on a target to form a

m 314 Currently, improving

high-temperature, high-density plasma that radiates EUV light near 13.5 n
the conversion efficiency (CE) of EUV radiation within a 2% bandwidth centered at 13.5 nm remains one
of the core issues in EUV source research 'l The CE is jointly determined by the spectral purity (SP)
and radiation efficiency (n;aq), following the relation CE = SP X 1,.q. Here, SP is defined as the fraction
of the total emitted radiation energy contained within 13.365-13.635 nm, while 7,,4 denotes the fraction
of incident laser energy converted into total radiation energy. CE therefore represents the fraction of
incident laser energy converted into radiation within the same in-band wavelength range '®'". Enhanced
out-of-band radiation leads to a reduction in SP, which not only decreases the effective in-band EUV
output but also increases the thermal load on optical components. Therefore, maintaining a high SP is
equally important while pursuing a high CE.

In recent years, short-wavelength solid-state lasers have gained increasing attention as an alternative
to the traditional 10.6 um carbon dioxide (CO,) laser ['*19], Compared to CO, lasers, solid-state lasers
have advantages such as a smaller size, higher electro-optical conversion efficiency, and easier integration,
which are expected to further enhance the high-volume manufacturing capability and economic viability of
EUV lithography systems [2%2!], Currently, tin (Sn) remains the core target material for mainstream EUV
lithography sources, and extensive research has been conducted on its laser parameter optimization and

1. 22 used multiple laser beams to irradiate Sn-

EUV radiation enhancement. In early studies, Shimada et a
coated spherical plastic targets and obtained a CE of 3.0%. Subsequently, Tao et al. 3l used an Nd:YAG
laser to drive Sn plasma and achieved a relatively stable in-band radiation output. Further research has
shown that by optimizing the laser wavelength, using pre-pulses, and tailoring beam profiles, CE can
be increased to 4.1%-7.1% 24291, However, under short-wavelength laser-driven conditions, the strong
opacity effect of Sn plasma can easily cause spectral broadening and enhanced out-of-band radiation,
thereby limiting the further improvement of SP and exacerbating optical element contamination and
damage [**?1), In addition to Sn, studies on gadolinium (Gd) as a candidate target material for Beyond
EUV lithography sources have also revealed similar patterns ®2. Dou et al. *3 systematically investigated
the 6.7 nm emission characteristics and ion debris distribution of Gd planar targets irradiated by a
1064 nm laser, while Xie et al. ¥ achieved spectral narrowing and enhanced emission intensity using
dual-pulse laser irradiation of Gd targets. However, owing to the complex electronic configurations of Gd
atoms, significant spectral line overlap and out-of-band radiation remain in the emission spectrum, thereby

limiting further improvement of the SP. In contrast, lithium (Li) exhibits great research potential due to



its relatively simple atomic structure and unique radiation characteristics. EUV radiation generated from
Li plasma is mainly composed of discrete line spectra, which are less affected by spectral broadening 361,
At the same time, its out-of-band radiation heat load is lower, and the energy of produced debris is less,

(371, Explorations of EUV radiation from

which is beneficial for prolonging the lifetime of optical elements
Li plasmas have been carried out. For instance, Coons et al.[*®l analyzed the plasma characteristics by
irradiating pure Li planar targets with a 1 yum Nd:YAG laser pulse. Higashiguchi et al. **] used 532 nm and
1064 nm dual-pulse lasers to drive Li targets and obtained a CE of approximately 2% in 20-50 ns pulses.
However, self-consistent simulation studies on the evolution of the CE and SP, as well as the underlying
physical mechanisms in short-wavelength laser-driven Li target EUV emission, remain relatively limited.

By varying the laser wavelength and laser intensity, this work investigates the EUV emission char-
acteristics of Li plasmas and the coupling relationships among the CE, SP, and 7,,9. The results show
that the highest in-band CE within a 2% bandwidth centered at 13.5 nm, reaching 2.5%, is achieved
at a laser wavelength of 0.5 um and a laser intensity of 6 x 101 W/cm?, while maintaining a relatively
high SP of 22.4%. The results indicate that shorter-wavelength lasers enhance local energy deposition
in high-density plasma regions and thereby improve the radiation efficiency. However, they also increase
the plasma optical depth, strengthening radiation self-absorption and re-emission processes, which lead
to spectral broadening. The competition between radiation enhancement and spectral broadening ulti-
mately governs the evolution of the CE. Furthermore, to improve parameter-optimization efficiency, an
improved Bayesian optimization strategy was developed by combining Latin hypercube sampling with a
dynamically adjusted acquisition function, enabling rapid localization of the global optimal parameter
region with relatively few iterations. These findings provide theoretical insight into the physical processes

of short-wavelength laser-driven EUV emission and its parameter optimization.

2. Simulation model

40-42] which self-consistently describes the

The simulations are performed using the MULTI-1D code!
interaction between laser pulses and high-density plasmas by incorporating the key physical processes
involved in laser—plasma coupling, including hydrodynamic evolution, laser deposition, electron energy
transport and multigroup radiation transport. Within this framework, laser energy absorption is modeled
using the inverse bremsstrahlung absorption mechanism [*!, while the electron collision frequency is cal-

culated using the Drude-Sommerfeld model [**!] which determines the electron thermal conductivity. The

reduced form of the radiation transport equation is:

g =47y — xcU, (1)

where S is the radiation energy flux, U is the radiation energy density, 1 is the emissivity coefficient, and
X is the absorption coefficient. The full frequency range 0 ~ oo is discretized into Ng groups, with the

frequency interval of the k-th group defined as v < v < v}, (where vy = 0 and v, = 00). The transport



equations for the k-th group are then formulated as:

dS
d—; = cxkp (ekU,f — Uk) , (2)

1 ¢ dUk
- 3
Evarrs (3)

where U, and S) are the group-integrated radiation energy density and flux, respectively. In the above

Sk =

equations, U = & f;il IP(v,T)dv is the Planck energy density, xf is the Planck mean absorption
coefficient, xI? is the Rosseland mean absorption coefficient and ¢, is the normalized group-integrated

emissivity coefficient. These group-averaged quantities are defined as:
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where I” = — 2" ___ ig the Planckian intensity of radiation at temperature T'. In the present calcula-

CZ(ehu/kT_l)

tions, the photon-energy range from 1 to 400 €V is discretized into 136 groups. The Planck and Rosseland
mean opacities required for the radiation-transport calculations are generated using the non-LTE atomic
physics code FLYCHK [*°! by solving collisional-radiative rate equations that account for radiative and col-
lisional processes, autoionization, and electron capture. The resulting opacity data are then tabulated and
incorporated into MULTI-1D, providing the necessary atomic-physics inputs for the multigroup radiation-
transport calculations and enabling a self-consistent coupling between the plasma evolution and radiation
transport. The equation of state (EOS) for the Li target is calculated based on the Quotidian equation
of state (QEOS) model proposed by More[“?l| which includes the ideal gas model, Debye-Einstein model,
and Thomas-Fermi model.

The simulation process of laser irradiation on a Li target is shown in Fig. 1, where the Li target

is a planar target with a thickness of 25 pum and an initial density set to 0.534 g/ cm®.

The laser pulse
width is uniformly set to 10 ns, with a square waveform. The laser wavelengths are taken as 2 pm, 1 pum,
0.5 pm, 0.35 pm, 0.266 pm, 0.212 pm, 0.151 gm, and 0.1 gm. Among them, the 2 ym and 1 pym lasers
are typical Tm/Ho-based and Nd/Yb-based solid-state lasers, respectively, while the 0.5 pm to 0.212 pm
lasers are the second to fifth harmonic frequencies of the 1 pym laser. Although the realization of fifth-
and higher-order harmonic lasers remains technically challenging under current experimental conditions,
these higher harmonics are introduced here as theoretical parameters. The purpose is to investigate the
evolution of laser—plasma interaction and radiation characteristics in the short-wavelength limit, thereby
revealing the scaling behavior and underlying physical mechanisms of the relevant processes. It should
be noted that the present one-dimensional planar model provides an idealized description of the laser-
driven plasma evolution. The multidimensional expansion induced by the finite focal spot may therefore

affect the calculated CE. A fully quantitative assessment, however, would require self-consistent two- or



three-dimensional radiation-hydrodynamic simulations. The applicability of this approximation and the

possible influence of multidimensional expansion are further discussed in Sec. 4.1.
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Fig. 1. Simulation process of laser irradiation on solid Li target.

3. Simulation and Bayesian Optimization results

3.1.Simulation results

Fig. 2(a) shows the evolution of EUV CE with laser wavelength (A, = 0.1-2 um) and laser intensity
(I, = 2x10°-8 x 10 W/cm?). When the wavelength is fixed, the CE shows a trend of first increasing and
then decreasing with the laser intensity. As the wavelength decreases, the optimal laser intensity (/1 peax)
increases accordingly. The optimal CE of 2.5% is obtained when Az, = 0.5 pm and I, = 6 x 10'° W /cm?.
This result is in good agreement with the CE variation law and optimal laser parameters reported in
experiments by Nagano and Hansson et al. *747] where the best CE was also obtained at a wavelength of
0.5 pum. Based on the above laws, a quantitative scaling relationship between the optimal laser intensity
and wavelength can be established:

1.7 x 1010
I1 peak ~ T(W/Cm%, (7)
L

This relationship originates from the regulation of the energy deposition position by the laser critical
density. For a laser with wavelength Ay, the critical density formula is n.(cm™2) = 1.1 x 102* /A2 (um) 48],
Therefore, a shorter wavelength corresponds to a higher critical density, allowing the laser to deposit
energy in a higher-density region closer to the target surface, thereby improving the energy coupling
efficiency. However, it is also necessary to correspondingly increase the laser intensity to bring the electron
temperature into the optimal range for EUV radiation. The above mechanism constitutes the physical

basis for understanding the differences in energy deposition and radiation characteristics under different

wavelength conditions.



To further elucidate the wavelength dependence of CE, four representative wavelengths (0.1 pm,
0.151 pm, 0.5 pm, and 1 pm) are selected from the eight wavelengths, with corresponding I, peax values of
1x10' W/em?, 6 x 10 W/em?, 6x 10 W/cm?, and 2 x 10'° W /ecm?, respectively, indicated by the black
dashed circles in Fig. 2(a). Fig. 2(b) presents the dependence of CE, SP, and 7,,q4 on laser wavelength.
The results indicate that as the wavelength increases, n,.q4 gradually decreases: the values under 0.1 pm,
0.151 pm, 0.5 pm, and 1 pm conditions are 20.5%, 18.2%, 11.2%, and 6.9%, respectively. In contrast, SP
shows a monotonically increasing trend with increasing wavelength, with corresponding values of 6.4%,
10.3%, 22.4%, and 30.2%. The interplay of these two mechanisms results in a non-monotonic change in
CE with wavelength, which first increases and then decreases, showing 1.3% (0.1 pm), 1.9% (0.151 pum),
2.5% (0.5 pm), and 2.1% (1 pm) at the four wavelengths.

The energy conversion relationship from laser to plasma energy is shown in Fig. 2(c). The absorbed

laser energy is converted into plasma energy, which consists of three parts 4%

Eabs - Eint + Ekin + Erada (8)

where F.ps, Fing, Fkin, and Fp.q represent the absorbed laser energy, the plasma internal energy, the
plasma kinetic energy, and the plasma radiation energy, respectively. F,,s = aFE;, where Fj is the incident
laser energy and « is the laser absorption coefficient. By normalizing E, F.us, Fing, Fxin, and Fia.q
to the total incident laser energy, their respective energy fractions can be obtained and expressed as 1,
Nabss Mint, Mkin, aNd Mraq. The pulse-integrated laser absorption efficiencies for the four representative
wavelengths of 0.1, 0.151, 0.5, and 1.0 pm are 99.98%, 99.76%, 98.96%, and 97.78%, respectively. The
wavelength dependence is mainly reflected in the early-time absorption dynamics, while strong overall laser
absorption is maintained throughout the investigated cases. The overall energy balance was also examined,
with the energy-conservation error remaining on the order of 1073% and the maximum absolute error below
5 x 1072%, confirming good energy conservation throughout the simulations. During the laser irradiation
stage, the absorbed laser energy is continuously deposited in the interaction region, leading to a steady
increase in Fy,. After the laser pulse ends, the absence of further external energy input causes Ei,; to
gradually decrease. Meanwhile, the high-temperature and high-pressure plasma converts Fi,; into Eyi,
through hydrodynamic expansion and into FE).q through radiative cooling, resulting in the continuous
growth of both quantities throughout the plasma evolution. Further analysis of the absorbed energy
partition reveals that, with increasing laser wavelength, E..q gradually decreases while Ej,; correspondingly
increases. Specifically, 1,.q decreases from 20.5% to 6.9%, whereas 7y, increases from 34.7% to 47.4%,
indicating a significant redistribution of the absorbed laser energy between radiation and internal energy
channels. In contrast, the variation in Ey;, remains within approximately 3% across different wavelengths.
Therefore, the wavelength-dependent energy conversion behavior is primarily governed by the competition
between F,.q and Ej,;. The underlying physical mechanisms responsible for the evolution of the radiation
energy will be further discussed in conjunction with the radiation emission characteristics of laser-driven
plasmas.

Fig. 2(d) presents the EUV emission spectra of Li plasmas driven by lasers with four different wave-



lengths. All spectra exhibit five major characteristic peaks corresponding to resonant transitions of Li ions
in different charge states: the 1s?>-1s2p resonance transition of LiT at 19.9 nm, the 1s>-1s3p resonance
transition of LiT at 17.8 nm, the 1s—2p resonance transition of Li*T at 13.5 nm, the 1s-3p resonance
transition of Li*" at 11.39 nm, and the 1s-4p resonance transition of Li*" at 10.8 nm. Among them, the
13.5 nm emission peak associated with the Li*T 1s-2p resonance transition is the most intense and lies
within a 2% bandwidth centered at 13.5 nm, making it the dominant contributor to the in-band EUV
emission °°l. The spectral characteristics exhibit pronounced wavelength dependence. At 0.1 pm, the
highest laser intensity produces a higher plasma temperature, resulting in significant spectral broadening.
At 0.151 pm, the degree of spectral broadening is reduced. In contrast, under the 0.5 pm and 1 pm condi-
tions, the main EUV peak at 13.5 nm becomes dominant, while the out-of-band radiation is substantially
suppressed. These spectral variations directly affect the evolution of the SP, whose underlying mecha-

nisms will be further analyzed in conjunction with radiation self-absorption and re-emission processes in

the EUV-emitting plasma.
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Fig. 2. The effect of laser parameters on the radiation characteristics of Li plasma. (a) EUV CE as a function of laser

intensity and wavelength. (b) The relationships of SP, 724, and CE with laser wavelength. (¢) The temporal evolution of

the energy fractions of incident laser energy 1y, absorbed laser energy 7.ps, plasma radiation energy 7,.4, plasma internal

energy 7int, and plasma kinetic energy 7yin, corresponding respectively to incident conditions of Az, = 1 pm (solid line),

Ar = 0.5 pm (dotted line), A = 0.151 pm (dash-dot line), and Ay = 0.1 pm (dashed line). (d) Normalized spectra at

different laser wavelengths. The shaded area represents the in-band EUV radiation region at 13.5 nm with a 2% bandwidth.

To further clarify the physical mechanism underlying the influence of laser wavelength on EUV CE,

Fig. 3(a)—(1) show the spatiotemporal evolution results of the average ionization degree Z, electron temper-
ature T,, normalized laser energy deposition density Lq, radiative power density 05 /0z, and mass density

p of Li plasma under four wavelengths. When high-intensity laser irradiates the surface of a lithium target,

25



the laser energy is first deposited into the plasma near the critical density through inverse bremsstrahlung
absorption, rapidly heating the electrons and triggering the ionization process, forming a high-temperature
plasma. As the electron temperature rises, lithium atoms are ionized stepwise to LiT, Li**, and Li** ion
states, and EUV photons are generated through electron impact excitation and recombination radiation.
In this process, laser heating establishes a high-temperature, high-pressure region on the target surface,
and the strong pressure gradient drives material ablation, producing continuous plasma ejection, whose

recoil pressure causes the Li target to move in the direction of the laser incidence [°!].

For low-Z targets,
the mass ablation rate satisfies . oc I'/3A=%/3 2 indicating that as the laser wavelength decreases, the
ablation process is significantly enhanced. The numerical results are consistent with the theoretical trend.
As shown in Fig. 3, at ¢ = 8 ns, the 0.1 um laser exhibits the strongest ablation driving capability, capable
of propelling the target surface to a position of approximately 200 ym. In contrast, the propelling effects
of the 0.151 ym and 0.5 pm lasers are significantly weaker, propelling the target surface to approximately
110 pm and 20 pm, respectively, whereas almost no obvious macroscopic displacement emerges on the
target surface under the 1 pum laser. Therefore, as the laser wavelength decreases, F,ps is more efficiently
converted into Fy;,.

As the laser wavelength decreases, the corresponding critical density n. increases significantly, shifting
the laser energy deposition region toward a denser plasma and extending the localized deposition scale
length of L4. Consequently, the width of the EUV emission region L (defined as the full width at half
maximum (FWHM) of 95/0z, as indicated by the shaded region in Fig. 3), becomes substantially larger
for short-wavelength lasers. At ¢t = 5 ns, the corresponding values of L for 0.1 pm, 0.151 pm, 0.5 pm,
and 1 pym are 22.8 pm, 18.2 pym, 11.1 um, and 1.3 pm, respectively. Moreover, L continues to broaden
throughout the laser pulse duration. The enlarged emission region indicates that a larger volume of high-
temperature plasma participates in EUV generation, enabling a greater fraction of Ej,; to be converted
into E,,q and thereby increasing n..q. However, the optical depth 7 of the EUV-emitting plasma can

%l At t = 5 ns, the corresponding values of pL for the

be approximately characterized by 7 o< pL |
0.1 pm, 0.151 pm, 0.5 pm, and 1 gm cases are 1.14 x 107* g/cm?, 0.88 x 107* g/cm?, 0.41 x 10~* g/cm?,
and 0.16 x 107* g/cm?, respectively, indicating a substantial increase in 7 at shorter wavelengths. As
the plasma evolves, the continuous broadening of the emission region further increases pL , leading to a
progressive enhancement of 7 during laser irradiation. The larger 7 increases the probability of photon—
plasma interactions, causing the emitted EUV radiation to undergo stronger self-absorption and repeated

(54],

re-emission during transport through the plasma These processes redistribute radiation energy in

both physical and frequency space, resulting in spectral broadening and causing the emitted radiation

[55], Consequently, the fraction of

to progressively deviate from its original characteristic line distribution
radiation within a 2% bandwidth centered at 13.5 nm decreases, leading to a reduction in SP. Therefore,
although shorter wavelengths improve radiation generation by enhancing local energy deposition, the
accompanying increase in 7 intensifies radiation trapping and spectral broadening. The competition

between these two effects ultimately governs the evolution of the CE.
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Fig. 3. Spatiotemporal evolution of EUV radiation. (a)—(1) present the spatial distributions of the average ionization Z,
electron temperature 7., normalized laser energy deposition density Lq, radiative power density 8.5/8x, and mass density
p of Li plasmas generated by four laser wavelengths at ¢ = 3 ns, 5 ns, and 8 ns, where the thick dashed line marks the
critical density surface. The shaded regions indicate the full width at half maximum (FWHM) of 9S/dz. (m)—(o) provide
magnified views of the region z € [—10, 10] um (bounded by thin dashed lines) for the 1.0 um case.

3.2. Bayesian optimization results

From the above analysis, it is evident that achieving a high EUV CE requires a favorable combi-
nation of laser wavelength, laser intensity, and other relevant parameters[°6!. To date, CE optimization
has mainly relied on parameter-scanning approaches [°”). Although effective in low-dimensional parameter
spaces, the computational cost of such methods increases rapidly with the number of optimization vari-
ables, making an exhaustive search for the global optimum increasingly impractical ®. In recent years,
machine learning (ML) techniques have emerged as powerful tools for optimizing complex nonlinear sys-

621 However, the application

tems and have been successfully applied to various laser—plasma problems >~
of ML methods to EUV source optimization remains largely unexplored. Motivated by this need, the
present work introduces Bayesian optimization (BO), a data-efficient approach particularly well suited

631 The objective is to efficiently identify the optimal pa-

for expensive black-box optimization problems |
rameter region for maximizing CE and to establish a practical framework for data-efficient laser-plasma
parameter optimization.

The present BO problem is formulated as a finite discrete search. The laser wavelength is selected



from A\ = {0.1,0.151,0.212,0.266, 0.35,0.5, 1, 2} um, and the laser intensity is selected from 34 predefined
values between 2 x 10 W/cm? and 8 x 102 W/cm?. The search space therefore contains 8 x 34 = 272
admissible parameter combinations. At each BO iteration, the acquisition function value is evaluated
for all remaining admissible candidates, and the candidate with the largest acquisition value is selected
for the next MULTI-1D simulation. Each selected BO candidate corresponds to a new and independent
MULTI-1D radiation-hydrodynamic simulation. The previously calculated 272-point CE dataset is not
used for interpolation or objective-function lookup; this exhaustive scan serves only as an independent
reference for the global optimum. No wavelength or intensity outside the predefined set is evaluated. As
shown in Fig. 4(a)—(b), BO based on Gaussian process regression (GPR) was first applied to optimize
the laser wavelength and intensity. After 49 iterations, the optimization converged to a local optimum at
Az = 0.35 pm and I, = 1x10" W/cm?, yielding a CE of 2.4%, while failing to identify the global optimum.
The sampling trajectory exhibits pronounced oscillations throughout the optimization process, indicating
that the search remained trapped between exploration and exploitation without stable convergence to
the globally optimal region. These results suggest that the conventional BO framework is insufficient for

efficiently exploring the present parameter space.
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Fig. 4. Performance of the conventional Bayesian optimization framework. (a) Distribution of EUV CE in the two-
dimensional parameter space of Iy, and Ar. The red star denotes the global optimum, while the red triangle marks the
local optimum obtained during optimization. (b) Evolution of CE as a function of iteration number. Blue circles correspond
to initial sampling points, green triangles represent sampling points selected by Bayesian optimization. The solid red line

shows the best-so-far CE and the dashed gray line indicates the end of the initial sampling stage.

To improve the optimization efficiency, an enhanced BO framework was developed by combining
Latin hypercube sampling (LHS) 6% a dynamically decaying upper confidence bound (UCB) acquisition
function, and a random forest (RF) surrogate model. LHS was employed to improve the uniformity of the
initial sampling distribution, while the dynamically adjusted UCB strategy enabled a gradual transition
from global exploration to local exploitation. Meanwhile, the RF model was adopted to provide a robust
representation of the nonlinear response surface under the present limited-sample conditions 6%/, The
RF surrogate contains 200 regression trees, with a maximum depth of 12 and a minimum of two samples

required for an internal-node split. The mean and standard deviation of the individual-tree predictions

10



are used as the predictive mean u(z) and the ensemble-based uncertainty estimate o(x), respectively. The

UCB acquisition function is defined as
UCB(z) = p(z) + Kio(z), 9)

where the exploration coefficient x; decreases exponentially from kg = 4.2 to Ky = 0.1,

In(ko/ky) .
= —"—= =0,1,...,Ngo — 1. 1
/8 NBO 1 ) 1 Oa 9 » 4VBO ( 0)

Ki = Koexp(—pi),

where Ngo = 45 denotes the number of BO-guided evaluations following the five initial LHS samples.
The optimization results obtained using the improved BO framework are shown in Fig. 5. The CE, A\,
and I all converge stably toward their optimal values, demonstrating a substantial improvement over the
conventional BO approach. The globally optimal solution, corresponding to CE.x = 2.5%, Ap = 0.5 pm,
and I; = 6 x 101 W/cm?, was successfully identified after only 25 total objective-function evaluations.

This result is fully consistent with the optimum obtained from exhaustive grid-search calculations while

reducing the computational cost by approximately one order of magnitude.
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Fig. 5. Results of the improved Bayesian optimization framework. (a) Evolution of EUV CE as a function of the number
of iterations. Blue circles represent initial sampling points, purple circles denote Bayesian sampling points, and the solid
red line corresponds to the best-so-far CE value. The gray dashed line represents the end of initial LHS sampling. (b)—(c)
Evolution of the optimized A, and I, respectively. Symbols and shaded regions denote the predicted values and associated
uncertainties, while horizontal dashed lines indicate the final optimal parameters. The blue vertical dashed line marks the

position where the global optimum is first identified.
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4. Discussion

This section discusses the main limitations, uncertainties, and methodological choices of the present
framework. A quantitative experimental benchmark of the radiation-hydrodynamic simulations is provided

in Appendix A.

4.1.Applicability and limitations of the one-dimensional planar approximation

The present MULTI-1D calculations employ a one-dimensional planar geometry and therefore explic-
itly describe only the target-normal plasma evolution. The applicability of this approximation depends on
the relative magnitudes of the transverse laser-spot size and the relevant longitudinal target and plasma
scales. When the transverse laser-spot size is sufficiently large compared with the target thickness, a planar
model can reasonably describe the dynamics of the dense target region, whereas lateral heat transport and
plasma-flow divergence become increasingly important as the longitudinal plasma expansion approaches
the transverse focal-spot scale%”). We therefore first examine the consistency of the MULTI-1D results
in the target-normal direction and subsequently assess the possible influence of finite-focal-spot-induced
transverse expansion.

For the underdense coronal region, the target-normal electron-density profile can be approximated by

the one-dimensional isothermal self-similar expansion model 68,

S

ne(s,t) = n.exp (—> , $=x,— T, Ccs = <

cst

- 1/2
ZkrT,
o ) , (11)

m;

where n, is the critical electron density, x. is the position of the critical-density surface, s denotes the
target-normal distance measured from the critical-density surface toward the underdense side, ¢, is the ion
sound speed, Z is the average ionization state, and m; is the ion mass. For the representative \;, = 1 um
case at t = 5 ns, the MULTI-1D results in the 0.01n. < n, < 0.1n. coronal region give kgT, ~ 29.6 eV
and Z ~ 2.99, corresponding to ¢, ~ 35.1 um/ns. The characteristic longitudinal density scale length
extracted from the MULTI-1D profile is

JMULTI _ |370.01nc — Z0.1n. ~ 185 12
whereas the one-dimensional isothermal model gives
Lheory — ¢t ~ 176 pm. (13)

The difference is approximately 5%. As shown in Fig. 6, MULTI-1D and the one-dimensional self-
similar model therefore predict comparable target-normal density-decay scales over the principal under-
dense coronal region. This agreement indicates that MULTI-1D provides a reasonable description of the
characteristic target-normal coronal expansion under the representative conditions considered here. It

should be emphasized, however, that this comparison assesses only the longitudinal consistency of the
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one-dimensional treatment and does not imply that transverse expansion can be neglected for a finite

laser focal spot.

10'g 60
F A=1um, t=5ns n,
I n, (theory) n
8 450
100;
! J40
el -1
] 10 F & e
5 1 = -~ 4|z
So i - 1302
S| ~
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Fig. 6. Longitudinal electron-density and electron-temperature profiles from MULTI-1D for A;, = 1 ym at ¢ = 5 ns. The
dashed curve denotes the electron-density profile predicted by the one-dimensional isothermal self-similar expansion model.

The vertical dotted lines mark the 0.01n., 0.1n., and n. density surfaces.

For a finite focal spot, transverse plasma expansion may become important. To qualitatively assess
this multidimensional effect, we adopted the axisymmetric two-dimensional isothermal expansion model
of Lan et al.[%8]. In this model, the transition from one-dimensional to two-dimensional expansion is
characterized by the 0.1n., 0.01n., and 0.001n,. density surfaces, with higher-density regions approaching
the quasi-steady state earlier than lower-density regions. The analytical reconstruction uses the same
representative Li-plasma parameters as in Fig. 6. The one-dimensional longitudinal density profiles were
combined with the transverse profile of the two-dimensional quasi-steady solution while preserving the on-
axis density. A representative focal-spot radius of Ry = 60 pm was used only to illustrate the finite-spot
effect and is not an input parameter of the MULTI-1D calculations.

As shown in Fig. 7, finite-focal-spot-induced transverse expansion can produce substantial radial rar-
efaction, transforming the laterally uniform density distribution assumed in the one-dimensional planar
treatment into a two-dimensional nonuniform structure. The associated redistribution of plasma den-
sity and temperature may modify the spatial extent and width of the EUV-emitting region. Transverse
expansion may also alter the local energy density and EUV emissivity, while the accompanying density
reduction may decrease the optical depth and radiation self-absorption. Consequently, multidimensional
effects may influence the absolute CE through competing mechanisms. Their net quantitative contribu-
tion, however, cannot be determined from the present analytical density reconstruction alone and requires

a self-consistent two- or three-dimensional radiation-hydrodynamic calculation.
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Fig. 7.

Analytical reconstruction of the transition from one-dimensional to two-dimensional plasma expansion for the representative
Ar = 1 pm Li-plasma case with an illustrative focal-spot radius of Ry = 60 pum. The three columns correspond to the
characteristic stages associated with the 0.1n., 0.01n., and 0.001n. density surfaces, respectively. Panels (a), (d), and
(g) show the one-dimensional transient analytical distributions; panels (b), (e), and (h) show the reconstructed two-
dimensional transient density distributions; and panels (c), (f), and (i) show the analytical two-dimensional quasi-steady

reference distribution. The red dashed contour denotes the characteristic density surface associated with each stage.
4.2.Sensitivity to laser pulse profile and energy fluctuations

The baseline calculations assume a spatially uniform 10 ns square laser pulse. In practical high-
energy harmonic laser systems, nonlinear harmonic conversion may introduce temporal-profile distortion,
beam-quality degradation, and pulse-energy fluctuations. To evaluate the influence of realistic laser-pulse
imperfections on the predicted EUV conversion efficiency, a sensitivity analysis was performed for the
0.266 pm, 0.35 pm, and 0.5 pum cases. Four laser-pulse conditions were considered: the original ideal
10 ns square pulse, a measured square-like 10 ns pulse %), and ideal square pulses with —2.5% and +2.5%
variations in pulse energy, as shown in Fig. 8. The £2.5% range was chosen as a conservative sensitivity

interval based on the reported energy stability of high-energy harmonic laser systems [,
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Fig. 8. Laser pulse conditions considered in the sensitivity analysis: ideal 10 ns square pulse, measured square-like 10 ns

pulse, and ideal square pulses with —2.5% and +2.5% variations in pulse energy. The same four conditions were applied

to the 0.266 pm, 0.35 pm, and 0.5 pum cases.

As shown in Table 1, the predicted CE remains nearly unchanged under all tested temporal-profile
and pulse-energy variations. At 0.266 um, the CE values range only from 2.39% to 2.43%; at 0.35 um,
from 2.41% to 2.46%; and at 0.5 pm, from 2.49% to 2.54%. In each case, the spread across the ideal square
pulse, measured square-like pulse, and +2.5% pulse-energy conditions is no more than 0.05 percentage

points. These results demonstrate that the predicted CE is robust against the experimentally relevant

temporal-profile and pulse-energy variations considered here.

Table 1. Calculated CE at 0.266 pm, 0.35 pm, and 0.5 pm under the four laser pulse conditions used in

the sensitivity analysis.

12

Laser temporal profile CE (0.266 pm) CE (0.35 pm) CE (0.5 pm)
Ideal 10-ns square pulse 2.39% 2.44% 2.50%
Measured square-like profile 2.43% 2.46% 2.54%
Ideal square pulse (—2.5%) 2.39% 2.41% 2.49%
Ideal square pulse (+2.5%) 2.40% 2.45% 2.51%

4.3.Surrogate-model selection and statistical robustness of Bayesian optimization

To examine the influence of the surrogate model and the stochastic nature of BO on the optimiza-
tion performance, ten independent optimization runs with different random seeds were performed under
identical optimization settings and the same budget of 50 objective-function evaluations. In addition to

the RF surrogate, an NN-based surrogate was implemented within the BO framework as an additional

15



nonlinear model, while a GPR surrogate was also considered for comparison. The three surrogate mod-
els were evaluated using the same five-point LHS initialization, discrete parameter space, dynamic UCB
acquisition strategy, and objective function.

The statistical results are summarized in Table 2. The RF-based BO identified the reference global
optimum in 8 out of 10 independent runs, corresponding to an 80% success rate. In comparison, the
NN-based and GPR-based BO methods achieved success rates of 50% and 0%, respectively. Among the
successful runs, the RF- and NN-based BO methods required 31.6 + 6.9 and 33.2 £ 7.3 objective-function
evaluations, respectively, to identify the reference global optimum, where the uncertainties represent the
standard deviations across the successful runs. When all ten independent runs are considered, the final
best CE values are 2.44 4 0.13%, 2.39 £ 0.16%, and 2.21 & 0.18% for the RF-, NN-, and GPR-based
BO methods, respectively. These results demonstrate that the RF-based BO achieves the highest success
rate while maintaining a relatively small variation in the optimization results, indicating more robust and

stable performance for the present optimization problem.

Table 2. Performance of different Bayesian optimization surrogate models

Method Runs Success rate Evaluations to global optimum Final best CE (%)
BO (RF) 10  8/10 (80%) 31.6 + 6.9 2.44 +0.13
BO (NN) 10  5/10 (50%) 33.2+7.3 2.39 + 0.16
BO (GPR) 10  0/10 (0%) N/A 2.21 +0.18

5. Conclusion

This work investigates the EUV emission characteristics of short-wavelength solid-state laser-driven Li
plasmas and performs rapid global optimization of the EUV CE using an improved Bayesian optimization
framework. The highest in-band CE within a 2% bandwidth centered at 13.5 nm reaches 2.5% at a laser
wavelength of 0.5 pum and a laser intensity of 6 x 10'° W/cm?, while maintaining a relatively high SP of
22.4%. In addition, the optimal laser intensity is found to decrease with increasing wavelength, following
the scaling law I, peak o )\Zl'g. More importantly, the present study reveals that the evolution of the CE
is governed by the competition between radiation enhancement and spectral broadening effects. Shorter-
wavelength lasers increase the critical density and strengthen local energy deposition in high-density
plasma regions, thereby improving the radiation efficiency. However, the resulting increase in plasma
optical depth enhances radiation self-absorption and re-emission processes, leading to spectral broadening
and degradation of the SP. The balance between these competing mechanisms ultimately determines the
achievable CE under different laser conditions.

The one-dimensional simulations also reproduce the main CE-intensity trends and major spectral

features observed in reported Li-target experiments. Nevertheless, finite-spot lateral expansion and trans-
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verse radiation transport are not included in the present planar model and may affect the absolute CE.
Furthermore, by combining Latin hypercube sampling, a dynamically adjusted acquisition function, and
a random-forest surrogate, the improved Bayesian optimization strategy identifies the global optimum in
a representative run after only 25 total objective-function evaluations, compared with 272 simulations re-
quired for exhaustive grid search. The present results demonstrate the potential of Bayesian optimization
for efficient parameter optimization within the current two-variable discrete parameter space. Extension to
additional laser and target parameters and multidimensional radiation-hydrodynamic simulations remains

a subject for future work.

Appendix A: Benchmark of the MULTI-1D model against Li-

target experiments

To further assess the quantitative reliability of the present radiation-hydrodynamic model, additional
benchmark calculations were performed against available experimental data for laser-produced Li plasmas.
These calculations were carried out separately from the parameter scans discussed in the main text, with
the simulation conditions adjusted to reproduce the corresponding experimental conditions as closely as

possible. Two complementary comparisons are presented below: the CE—intensity dependence measured

[37] [71]

by Nagano et al.°”) and the time-integrated EUV spectrum reported by George et al.

First, the calculated CE—intensity dependences were benchmarked against the planar Li-target mea-
surements. For this comparison, additional simulations were performed under conditions closely matching
the experiment, using a 380 pym-thick planar Li target, a 10-ns laser pulse, and laser wavelengths of 1064
and 532 nm. As shown in Fig. A1, the simulations reproduce the overall magnitude of the measured CE
and the general trend that the optimum laser intensity shifts toward higher values and the maximum CE
increases as the laser wavelength decreases from 1064 to 532 nm. However, the calculated CE—intensity
curves are steeper than the experimental data, and the calculated optimum intensity for the 1064-nm
case is greater than the experimental value. At 532 nm, the laser intensity at which the maximum CE is
obtained is in good agreement with the experiment. These differences are likely associated mainly with

finite-focal-spot and multidimensional plasma effects [72].
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Fig. A1l. Comparison of the calculated CE—intensity dependences with the experimental Li-target results at 1064 and 532

nm.

Second, the calculated time-integrated EUV spectrum at 1064 nm was compared with the experimen-
tal Li spectrum. The photon-energy grid in the simulation was refined to 136 groups over the photon-energy
range of 1-400 eV to improve the representation of the narrow Li emission features. As shown in Fig. A2,
the dominant 13.5-nm feature and the major spectral structures near approximately 10.8, 11.4, 17.8, and
19.9 nm are reproduced in the corresponding wavelength regions. Some narrow experimental features are

broadened because of the finite multigroup spectral resolution.
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Fig. A2. Comparison of the calculated time-integrated EUV spectrum with the experimental Li spectrum at 1064 nm.

To quantify the agreement in the overall spectral-energy distribution, both spectra were integrated

over the same 9-21 nm wavelength range. The spectral distribution was further divided into three broad
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wavelength intervals, as summarized in Table Al. The experimental and calculated fractions are 23.03%
and 23.71% for 9-13 nm, 49.64% and 50.09% for 13-17 nm, and 27.33% and 26.20% for 17-21 nm,
respectively. The maximum difference among the three spectral regions is only 1.13 percentage points.

These results indicate good agreement in the overall spectral-energy distribution.

Table Al. Quantitative comparison of the integrated spectral distribution between the MULTI-1D calcu-

lation and experiment.

Spectral range  Experiment (%) MULTI-1D (%) Difference (pp)*

9-13 nm 23.03 23.71 —0.68
13-17 nm 49.64 50.09 —0.45
17-21 nm 27.33 26.20 +1.13

*Difference is defined as the experimental result minus the simulation result, and pp denotes percentage points.

Overall, the agreement in the CE-intensity dependence, the major spectral features, and the inte-
grated spectral-energy distribution provides quantitative support for the reliability of the present MULTI-
1D calculations. The remaining discrepancies are consistent with the finite multigroup spectral resolution

and the limitations of the one-dimensional planar approximation.
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