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We experimentally investigate the emission of EUV light from a mass-limited laser-produced plasma
over a wide parameter range by varying the diameter of the targeted tin microdroplets and the pulse dura-
tion and energy of the 1-μm-wavelength Nd:YAG drive laser. Combining spectroscopic data with absolute
measurements of the emission into the 2% bandwidth around 13.5 nm relevant for nanolithographic appli-
cations, the plasma’s efficiency in radiating EUV light is quantified. All observed dependencies of this
radiative efficiency on the experimental parameters are successfully captured in a geometrical model fea-
turing the plasma absorption length as the primary parameter. It is found that laser intensity is the pertinent
parameter setting the plasma temperature and the tin-ion charge-state distribution when varying laser pulse
energy and duration over almost 2 orders of magnitude. These insights enabled us to obtain a record-high
3.2% conversion efficiency of laser light into 13.5-nm radiation and to identify paths towards obtain-
ing even higher efficiencies with 1-μm solid-state lasers that may rival those of current state-of-the-art
CO2-laser-driven sources.

DOI: 10.1103/PhysRevApplied.12.014010

I. INTRODUCTION

Highly charged tin ions in laser-produced transient plas-
mas are the atomic sources of EUV light at 13.5-nm
wavelength for nanolithography [1–15]. In state-of-the-art
EUV sources such plasmas are produced by irradiation of
micrometer-sized tin droplets with high-power CO2-gas-
laser pulses [16–18] in a two-step process where first a
laser prepulse [16–23] shapes the droplet into a target opti-
mized for EUV production with a second, more energetic
pulse. Key physical processes were reviewed by Banine
et al. [14].

Alternatively, solid-state 1-μm-wavelength Nd:YAG
laser systems can be used for plasma creation, offering
significant advantages over the 10-μm-wavelength CO2
drive laser. The advantages include an improved energy
efficiency, a significantly more compact size at the same
output power and improved temporal pulse-shaping capa-
bilities. Moreover, they could enable a single-pulse irra-
diation scheme. YAG systems may, in fact, replace CO2

*o.versolato@arcnl.nl

lasers if the efficiency of converting laser energy into
radiation within a 2% bandwidth around 13.5 nm that can
be reflected by multilayer optics [24,25] gets sufficiently
competitive.

Nd:YAG-driven light sources have a much higher, near
complete laser absorptivity due to the strong increase of
the critical plasma electron density nc with decreasing
wavelength λ (nc ∝ λ−2). The cross section of the here
dominant [26] inverse bremsstrahlung absorption mech-
anism strongly increases with electron density [27,28].
However, the density increase may cause self-absorption
of the emitted EUV light, leading to opacity-broadened
emission [29–32]. In turn, more light is emitted outside
of the accepted bandwidth. Modeling these opacity effects
challenges even the most advanced atomic structure cal-
culations [12] due to the strongly correlated electronic
structure of the multielectron open-4d-shell tin ions raising
the need for experimental investigations.

The literature on Nd:YAG-driven tin plasma mostly
deals with the emission from planar solid targets [31–42],
tin-coated spherical targets [29,43–47], or liquid-droplet
targets out of tin alloys [48]. The literature covering

2331-7019/19/12(1)/014010(11) 014010-1 © 2019 American Physical Society



R. SCHUPP et al. PHYS. REV. APPLIED 12, 014010 (2019)

the emission properties of laser-produced plasma (LPP)
from high-purity tin microdroplets, the industrial targets of
choice, remains scarce [49–51].

Here, we present the results of a systematic investiga-
tion of the characteristics of the EUV spectra of these
sources over a wide parameter range, varying the diam-
eter of the targeted, pure tin microdroplets (16–65 μm),
the laser pulse duration (0.5–25 ns) and its energy, pre-
sented as intensity [(0.1–2.7) × 1011 W/cm2)], using a
transmission-grating spectrometer [52,53]. The combina-
tion of this spectroscopic data with absolute measurements
of the in-band emission in the 2% bandwidth around 13.5
nm enables three linked figures of merit to be obtained
characterizing the emission from the plasma: spectral
purity, conversion efficiency, and radiative efficiency. Con-
version efficiency (CE) is commonly used and represents
the ratio of EIB,2π over the energy of the drive laser (Elaser).
EIB,2π is the total in-band radiation emitted into the half
sphere back towards the laser that is reflected by the light
collection optics in industrial sources. Spectral purity (SP)
is defined as the ratio of EIB,2π and total EUV energy
(Erad,2π ) emitted in the same half sphere. Through basic
energy-conservation considerations, SP serves as an abso-
lute upper limit to the conversion efficiency: CE ≤ SP,
where CE approaches SP only in the case of light emis-
sion solely in the backward-facing half sphere. This limit
value is lowered by considering that light is also emitted
in the opposite, forward-facing half sphere. Indeed, a more
stringent limit of CE ≤ SP/2 holds in the case of spheri-
cally symmetric emission [54]. These limits emphasize the
importance of spectroscopic investigations as introduced
here.

Considering the application purposes, the radiative effi-
ciency ηrad is defined as the ratio of Erad,2π to laser energy
Elaser and it thus equals the ratio CE/SP. Simulation works
predict that in total 70% up to 90% of the absorbed laser
light is emitted as radiation [55–57]. For optimal, high-CE
source operation both SP and radiative efficiency should
be as high as possible. A further crucial requirement is that
the plasma should create manageable amounts of debris
comprising, e.g., fragments or high-energy particles that
could limit the optics lifetime. Laser energy not con-
tributing to radiation may instead contribute to generating
fast ionic debris. Possible gains in radiative output power
should be carefully measured out against, e.g., increases
in the material load on the optical components. A full
quantification of various debris loads is left for future
work.

In order to optimize the three figures of merit of EUV-
source operation, we introduce a geometrical model with
the plasma-absorption length as its prime parameter. The
model describes very well the dependencies of ηrad on
source parameters such as droplet size and laser-beam size.
Employing these insights, we obtain a record-high CE of
3.2% and identify paths towards even higher values.

This paper is structured as follows. In Sec. II the exper-
imental setup is introduced, followed by a description of
the measurements in Sec. III. A plasma expansion model
is presented in Sec. IV that is applied to the experimental
data in Sec. V. In Sec. VI we apply the found scalings to
an industrially relevant case and close with a discussion of
our findings in Sec. VII.

II. EXPERIMENTAL SETUP

Molten Sn of 99.995% purity is pushed through a
capillary glass tube with a micrometer-sized orifice into
a vacuum chamber of 5 × 10−7 mbar background pres-
sure. Plateau-Rayleigh instabilities lead to the breakup of
the liquid stream into small fragment droplets. Evenly
sized microdroplets are produced from these fragments by
inducing a pressure modulation on the liquid stream in
the glass tube leading to a controlled coalescence of the
smaller fragment droplets. The resulting microdroplet size,
measured using imaging techniques [19,55], is controlled
by variation of the applied modulation frequency. Modula-
tion frequencies between 3 and 100 kHz are used resulting
in droplets between 65 and 20 μm in diameter. Above 100
kHz the interdroplet spacing is on the order of the laser-
beam spot size; therefore, in order to produce droplets
as small as 16 μm with sufficient spacing, we make use
of imperfect coalescence resulting in periodic groups of
smaller and bigger droplets.

The droplets travel at 10 m/s through a He-Ne laser
light sheet scattering the laser light, which is subsequently
detected by a photomultiplier tube and used to trigger the
drive laser and the data-acquisition system at 10 Hz. After
detection, the droplet is irradiated by a linearly polarized,
high-intensity laser pulse from an in-house built Nd:YAG
laser system seeded at 1064 nm [58]. The laser system
produces a flat-top spatial profile and has temporal pulse-
shaping capabilities allowing the production of pulses from
0.4 to 1000 ns duration. All but the 0.5-ns pulse are box
shaped and their duration is measured as FWHM.

With the purpose of maintaining the homogeneous spa-
tial intensity distribution, the laser beam is imaged from
the exit of the amplifier rod onto the droplet. In order to
match droplet and laser-beam spot size, and to reach the
necessary intensities on the order of 1011 W/cm2, the laser
beam is demagnified to 96 μm FWHM. Of the total laser
pulse energy, a fraction of 80% falls within the FWHM
area. To obtain an even smaller beam spot size of 56 μm,
used for measurements described in Sec. VI, a 3.5-mm
aperture is placed in the object plane of the beam. In both
cases, the laser-beam spot is slightly elliptical, with less
than 25% difference between the major and minor axis, and
we use the average value of the two axes. The laser-beam
energy is controlled using a combination of a half-wave
plate and a thin-film polarizer without affecting the spatial
intensity distribution.

014010-2
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FIG. 1. Schematic representation of the experimental setup.
The laser beam, depicted in red, illuminates the falling tin
microdroplets (gray spheres). The produced plasma emission is
observed using a transmission-grating spectrometer (gray box) as
well as four EUV photodiode assemblies (gray cylinders) mea-
suring the absolute amount of produced in-band radiation. All
angles θ are indicated with respect to the laser-beam propagation
axis, with cos θ = cos φ cos ϕ.

The spectral emission of the produced plasma is
observed under an angle of 60◦ (see Fig. 1) using a
broadband transmission-grating spectrometer [52,53]. The
spectrometer is operated with an entrance-slit width of
25 μm and a 10 000 lines/mm grating obtaining an instru-
ment resolution of 0.1 nm FWHM at 13 nm [52]. The
dispersed light is captured by a back-illuminated CCD
from Greateyes (GE2048 512BI UV1), cooled to −30 ◦C
to reduce thermal noise.

The measured images are cropped and corrected for
shear and tilt introduced by a slight misalignment of slit
and grating with respect to the camera pixel array. After-
wards the images are averaged over the nondispersive axes
and the read-out noise and dark counts are eliminated by
subtracting a dark exposure image (i.e., an image obtained
using the same exposure time but without plasma present).
Calibration of the dispersive axis is performed using ref-
erence spectra entailing tabulated [59], well-known Al3+

and Al4+ line features between 11 and 16 nm. The calibra-
tion spectra are taken after the experiments by irradiating
a solid aluminum target with the Nd:YAG laser at the
same position as the droplets. After calibration, the spec-
tra are corrected for second-order contributions in the
wavelength range above 11 nm using the second-order
diffraction efficiency of the grating [53]. Lastly, the spec-
tra are divided by the first-order diffraction efficiency of
the grating as well as the quantum efficiency of the cam-
era. Since the grating transmission is not calibrated below
5.5 nm, all SP values in the following are calculated for a

wavelength range of 5.5–25.5 nm. Given the low-emission
anisotropies observed over the backward half sphere (see
below), spectra obtained under an angle of 60◦ are used
for SP.

To obtain an absolute measurement of the produced
in-band radiation (13.5 nm ± 1%), four silicon photodi-
ode assemblies are mounted under angles of 30◦, 42◦, 64◦,
and 90◦ (Fig. 1). Photodiode measurements are corrected
for their respective solid-angle coverage. These assemblies
use Mo/Si multilayer mirrors (MLMs) [24,25] as found in
industrial sources to reflect the in-band part of the radiation
onto the photodiodes. Any remaining optical light reflected
by the MLMs is subsequently removed by a Si/Zr coating
on the photodiodes (SXUV100), which is transmissive for
in-band radiation. The response function of all individual
components is known, providing a measure of the absolute
amount of produced in-band radiation.

In order to take into account the emission anisotropy
over the backward half sphere where CE is defined, we
integrate the angular dependency f (θ) of the in-band emis-
sion. For integration the obtained measurements from the
photodiodes in Fig. 2 are used, employing the cylindrical
symmetry of the system with respect to the laser beam axis,

CE ∝
∫ π/2

0
dθ f (θ) sin(θ), (1)

where the angular dependence f (θ) of the in-band emission
is typically described by (e.g., Refs. [37] and [60])

f (θ) = α + β cosγ (θ). (2)
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respect to the laser-beam axis. Depicted are measurements for the
96-μm laser-beam size. For each pulse duration, the data from
the smallest and biggest droplet sizes are shown normalized to
their maximum values. The dashed blue line is the result of a
global fit of Eq. (2).
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FIG. 3. Normalized emission spectra for various Nd:YAG laser intensities resulting from a 46-μm-diameter tin droplet illuminated
with a 96-μm-sized laser beam of 15-ns duration. The gray-shaded area shows the 2% bandwidth around 13.5 nm, relevant for
nanolithographic applications. The emission features attributed to the various Sn ions are labeled with the respective charge-state
number. Also labeled are the most relevant transition arrays contributing to the in-band emission and the short-wavelength features
between 7 and 12 nm, where m is an integer between 0 and 6 corresponding to Sn14+ and Sn8+, respectively [4,6,61]. The inset figure
shows the relative peak-emission intensities as a function of laser pulse intensity.

Fitting Eq. (2) to the measured data, we obtain the fol-
lowing values for the fit parameters: α = 0.82(2), β =
0.17(3), and γ = 0.6(3). From integration we obtain a
value for the anisotropy-corrected CE that is only 5%
lower than the value from the photodiode under 30◦ angle
that we use throughout this paper, extrapolated assuming
isotropic emission.

III. MEASUREMENT RESULTS

In order to optimize SP and ηrad, and therewith CE, we
vary three key parameters of our LPP source: laser inten-
sity (see Fig. 3), laser pulse duration, and droplet size.
Following this order, we describe below their impact on the
observed spectra and the values of SP and CE as presented
in Fig. 4. The trends in the radiative efficiency, defined as
ηrad ≡ CE/SP are described in Sec. V. It is preceded by
the introduction of a plasma expansion model in Sec. IV
describing the scaling of ηrad.

A. Laser intensity

We start by describing the effect of changing the laser
intensity using the example of a 96-μm-sized, 15-ns-long
laser-beam pulse and a 46-μm-diameter droplet. The inten-
sity, calculated as I = Elaser/(τπw2) using the laser pulse
duration τ and laser-beam radius w = FWHM/2, is var-
ied over more than 1 order of magnitude in the range
of (0.1–2.7) × 1011 W/cm2 by changing the laser-beam
energy. The normalized emission spectra arising from
these experimental conditions are shown in Fig. 3 and in
reduced size in Fig. 4(a).

The most prominent characteristic observed in Fig. 3
is the shift of the main emission feature from 15 nm

toward the desired 13.5 nm with increasing laser intensity.
This shift is related to the creation of tin ions of higher
charge states (Sn8+ to Sn15+) relevant for in-band emis-
sion [1,4,6,12]. Additionally, the main emission feature
narrows towards higher intensity, reaching a FWHM of 0.9
nm at 1.4 × 1011 W/cm2.

At the lower intensities, characteristic emission from
Sn5+ to Sn7+ is visible in the long wavelength region
(15–25 nm) indicating a suboptimal charge-state distri-
bution for creation of in-band radiation. With increasing
intensity these emission features become less prominent.
To resolve which charge states are contributing to in-
band emission at a given intensity we look at the short-
wavelength emission between 7 and 12 nm. As described
in Refs. [3] and [61], Sn8+ to Sn15+ have unique emis-
sion features in this regime stemming from radiative decay
out of electronic configurations such as, e.g., the 4p5 5s in
Sn14+ where a 4p core electron is promoted to the 5s sub-
shell. These configuration lie above the in-band contribut-
ing 4p5 4dm+1 + 4p6 4dm−1 4f + 4p6 4dm−1 5p (cf. Fig. 3).
Using such out-of-band features as diagnostics it is evi-
dent that for the highest laser intensity (2.7 × 1011 W/cm2)
charge states of at least up to Sn15+ are present in the
plasma.

The above observations relate to the trend in SP val-
ues presented in Fig. 4(d) where we see a sharp increase
in SP between 0.1 and 0.5 × 1011 W/cm2. Above 0.5 ×
1011 W/cm2 the incline in SP slows down and SP levels off
in the range of (0.8–1.7) × 1011 W/cm2 before it decreases
again. The sharp increase in SP is explained by an increase
in average charge state of the plasma causing reduced
emission above 16 nm while favoring in-band emission.
At the same time the amount of short wavelength radiation
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FIG. 4. Top row: spectra for tin microdroplets irradiated by (a) various Nd:YAG laser pulse intensities, (b) laser pulse durations,
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convenience) and CE corresponding to the spectra above. Bottom row: radiative efficiencies (ηrad ≡ CE/SP) and the result of a global
fit of our plasma expansion model as described in Sec. V (solid lines). The gray dashed lines in (g)–(i) depict the geometrical overlap
(R2

0/2w2) of laser beam and droplet for isotropic emission.

(below 12 nm) increases steadily. Nevertheless, SP con-
tinues rising due to the narrowing of the main spectral
feature at 13.5 nm. Above 1.4 × 1011 W/cm2 SP declines
very slowly because the main emission peak stops narrow-
ing while the amount of short wavelength radiation keeps
on increasing. At intensities above 1.7 × 1011 W/cm2 the
main feature widens again leading to a more rapid decrease
of SP. For the lowest and highest intensities measured an
increasing fraction of the emission is outside the measured
or calibrated range, respectively, slightly increasing the SP.

Even though SP decreases again at higher intensities, CE
monotonically increases over the entire intensity range as
shown in Fig. 4(d), reaching values up to 1.9%.

B. Laser pulse duration

In this section we explore the influence of laser pulse
duration on the plasma emission as presented in Fig. 4(b).

For the measurements we chose an intensity of 1.4 ×
1011 W/cm2 at which the main emission feature is nar-
rowest and SP is highest. The droplet diameter as well
as the beam size are left unchanged at 46 and 96 μm,
respectively.

Upon reducing the laser pulse duration, a narrowing of
the main emission peak at 13.5 nm is visible as well as a
reduction of the short and long wavelength radiation. The
only exception is the pulse duration of 0.5 ns for which the
main feature widens again and more emission is observed
above 16 nm. For all pulse durations the strong resem-
blance of the spectra is remarkable indicating that the laser
intensity is the pertinent parameter setting the plasma tem-
perature and charge-state distribution. All spectra show
similar features and only small differences are visible in
the relative emission intensity around 8 nm as well as in the
width of the dominant feature at 13.5 nm. The widening of

014010-5
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the main emission feature can be attributed to changes in
optical depth of the plasma induced by the different plasma
sizes for the various laser pulse durations. The larger opti-
cal depth causes increased absorption and re-emission of
EUV radiation resulting in the observed broadening of the
spectral features.

Translating these observations into the SP curve in
Fig. 4(e), we see an increase in SP from 0.5 to 2.5 ns where
it reaches its maximum value. Above 2.5 ns a steady but
rather weak decrease from 12 to 8% is visible.

As in the preceding subsection, the measured CE mono-
tonically increases with pulse duration. In the scanned
parameter range a relatively high CE of 2.2% is reached
at 25 ns.

C. Droplet size

Lastly, we show the effect of a change in droplet
diameter onto the spectral emission in Fig. 4(c). For
the measurements shown, a pulse duration of 15 ns is
used at an intensity of 1.4 × 1011 W/cm2. Enlarging the
droplet diameter leads to increased relative emission at
wavelengths below 13 nm while all spectra show strong
similarity with respect to their emission features. Again,
predominantly the width of the main emission feature
varies and its change can be attributed to changes in the
optical depth of the plasma.

Looking at SP in Fig. 4(f), we find a steady decline from
13% at 16 μm to 8% at 58 μm diameter. Once more, in
contrast to the scaling of SP, CE monotonically increases
over the entire range of droplet diameters.

IV. PLASMA EXPANSION MODEL

For all cases presented in Fig. 4, CE increases mono-
tonically with the scanned parameter, even when SP
declines. This behavior can be understood as an increase
in radiative efficiency that counteracts the losses in SP
for bigger droplets and longer pulses. To describe the
changes in radiative efficiency with respect to laser inten-
sity, pulse duration, and droplet radius we develop a
model taking into account the increase in laser light
absorption due to plasma expansion during the laser
irradiation.

In the model, ηrad is proportional to the absorbed laser
light assuming that a constant fraction is lost to plasma
kinetics. At time t0 when the laser pulse arrives at the
droplet the absorbed laser light fraction equals the spatial
overlap of droplet and laser beam. At the intensities used,
reflectivity can be neglected, resulting in full absorption
within the overlap region [55].

The absorbed laser light leads to ablation and plasma
creation beyond a certain threshold laser intensity [19,55].
This plasma expands establishing a radial density gradi-
ent around the droplet [55] (see Fig. 5). All laser light is
absorbed close to an electron density that is of the order

FWHM 
=2w

FWHM 
=2w R0R0

v

y

z

ReffReff

FIG. 5. Schematic representation of the laser-produced plasma
system. The laser pulse (orange shaded area) propagating in pos-
itive z direction is absorbed by the liquid Sn droplet of radius R0
(gray sphere). During laser irradiation plasma is created around
the droplet (light gray shaded area) increasing the absorbing area.
The latter expands with a constant velocity v laterally to the
laser-beam propagation direction, increasing the effective radius
of absorption to Reff = R0 + vt.

of, but below, the critical electron density for the Nd:YAG
laser wavelength (nc = 1 × 1021 e/cm3) [26]. With time,
the density contour at which laser light is absorbed moves
outwards and the absorptive area increases. Analogously
to Refs. [19] and [62], we introduce a power law, here
for the lateral expansion speed v(I) = a × I b, at which
this density contour moves outwards. The expansion speed
is constant over the duration of the laser pulse. Before
the plasma can efficiently emit radiation it needs to be
heated to reach the relevant plasma temperatures. Dur-
ing this time no significant amount of in-band radiation
is emitted implying a lowering of the radiative effi-
ciency. To capture this effect a plasma heat-up time th is
introduced as a multiplicative factor (1 − th/τ) following
Ref. [63], where τ is the laser pulse duration. To account
for the fraction of laser energy lost to plasma kinet-
ics and into radiation emitted towards the forward-facing
half sphere, we introduce the maximal radiative efficiency
ηmax.

Next, we divide the calculation into three cases: (i)
R0 + vτ ≤ w; (ii) R0 + vτ > w; (iii) R0 ≥ w. In case (i),
the droplet is initially smaller than the beam and the
absorbing area expands during the laser irradiation, but
will not exceed the laser beam size during the pulse. In
case (ii), the droplet is smaller than the beam but the
absorbing surface exceeds the laser-beam size before the
laser pulse ends. In this case we neglect any expansion
beyond time tw = (w − R0)/v when the absorbing surface
exceeds the laser beam because from thereon full over-
lap of laser and plasma is reached. In the most extreme
case (iii), the liquid droplet itself is already larger than the
beam leading to unity absorption during the entire laser
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pulse duration. These considerations lead to the following
smooth, continuous global fit function:

ηrad =
(

1 − th
τ

)
ηmax (3)

×

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1
3
v2τ 3 + R0vτ 2 + R2

0τ

w2τ
, (i)

1
3
v2t3w + R0vt2w + R2

0tw

w2τ
+ τ − tw

τ
, (ii)

1. (iii)

There are only three main free fit parameters, being ηmax,
th, and v, where the latter is, in turn, composed of two free
fit parameters a and b (relevant only for the laser-intensity
dependency).

V. MODEL FIT AND DISCUSSION

The obtained radiative efficiencies are presented in
Figs. 4(g)–4(i) and our model can be used to understand
the monotonous nature of their rise with all varied param-
eters. The result of a single, global fit of our model [see
Eq. (3)] to all experimental data related to the variation of
the laser pulse duration and droplet diameter is depicted in
Figs. 4(h) and 4(i), where all data are taken at a constant
intensity of 1.4 × 1011 W/cm2. An excellent agreement
between model and experiment is obtained. From the fit
a plasma expansion velocity v = 0.9(1) μm/ns, a maxi-
mal radiative efficiency of ηmax = 49(2)% and a plasma
heat-up time th = 0.34(2) ns are retrieved. The radia-
tive efficiency from the geometrical laser-droplet overlap,
without considering the expanding plasma, is given by
R2

0/2w2 for isotropic emission shown as dashed lines in
Figs. 4(g)–4(i).

The plasma heat-up time th agrees well with the 0.4 ns
calculated in Ref. [64] for Nd:YAG-produced Sn plasmas
of about 30-eV temperature. However, further transient
effects in the plasma due to, e.g., the finite rise and fall
times that are a dominant part of the shortest pulse, cannot
be excluded. Given its small, sub-ns value, th has negligi-
ble impact on radiative efficiency except for the shortest,
0.5-ns pulse-duration case.

The fitted value of the maximal radiative efficiency of
49% (with a highest experimentally obtained value of
approximately 35%) comes close to the maximally pos-
sible value of 50% in the case of isotropic emission. As
energy is invariably lost through other processes such as
ionization and plasma kinetics, we conclude that a finite
anisotropy conveniently causes a preferred emission of
light into the backwards half sphere as also indicated, e.g.,
in Ref. [51].

O’Shay et al. [56] estimated the total amount of radiated
energy from a tin LPP in 4π steradian to be on the order
of 90% of the absorbed laser energy. Tillack et al. [57]
simulated the energy balance of spherical tin targets and
concluded that about 70% of the energy is converted into
radiation. This is in broad agreement with the 70–80%
estimate from the simulations presented in Ref. [55]. Com-
bining our fit value with this approximately 80% theory
value we conclude that approximately 30% of the laser
light is converted into radiation emitted in the forward half
sphere. The in-band emission anisotropy in Fig. 2 also evi-
dences a slight preference for backward emission. These
findings are further supported by Refs. [49] and [50]. Our
CE results are consistent with those obtained in Ref. [49]
taking into account the droplet and beam spot sizes
used.

The expansion velocity obtained from the fit agrees well
with those inferred from radiation hydrodynamic simula-
tions [55]. In that work, a 46-μm-diameter droplet was
irradiated by a 115-μm FWHM Gaussian Nd:YAG laser
beam at an average intensity of 1.3 × 1011 W/cm2. A
dominant, 80% fraction of the laser light is absorbed in
the region close to but before the critical surface [26].
Lateral expansion speeds on the order of v ∼ 1 μm/ns
resulted from the simulations for densities approximately
0.1–0.5nc.

Using the global fit values for ηmax and th, we next
apply and fit our model to the laser-intensity dependency in
Fig. 4(g). Again, an excellent agreement is found between
model and experiment, obtaining the parameter values
a = 0.69(5) and b = 0.8(1). This near-linear dependence
of v on I is in line with the simulation data underpinning
Ref. [55]. We note that th may also depend on intensity but
its contribution to the 15-ns pulse-duration case is marginal
and completely removing th from Eq. (3), in fact, does not
significantly change the obtained values for the expansion
velocity parameters a, b.

In conclusion, we can describe the scaling of the radia-
tive efficiency with all studied parameters by a model
describing the increase of laser absorption with plasma
expansion. Excellent overall agreement between model
and experimental data are obtained. We note that in our
current investigations the effective radius Reff = R0 + vτ

remained below the beam radius w corresponding to case
(i) in Eq. (3). The finite ellipticity of the laser-beam spot is
not expected to significantly influence the measurements as
the plasma expansion does neither exceed minor nor major
axis. Values above our experimental maximum of 35%,
possibly nearing 50%, appear to be feasible. Thus, in order
to obtain high CE, a set of parameters needs to be found
where a high value for SP is achieved while optimizing
the absorbed fraction of laser light, or radiative efficiency.
Changing the beam size in the following section enables
us to probe beyond model case (i) and maximize radiative
efficiency.
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VI. INCREASING RADIATIVE EFFICIENCY

In order to increase the radiative efficiency, and with it
CE, the laser-beam size is reduced to 56 μm. As before, the
beam-to-droplet overlap is scanned by changing droplet
size (Fig. 6). The laser intensity is set to an optimal 1.4 ×
1011 W/cm2 for SP and the laser pulse duration to 15 ns.
The spectra for the small-beam spot size in Fig. 6(a) show
a small but significant broadening of the main emission
feature on its long wavelength side with a corresponding
systematic reduction of SP in Fig. 6(b). This may be related
to an absence of heating of the outer plasma layers beyond
56 μm.

A considerable overall increase in CE is obtained for
all droplet sizes. It monotonically rises with the droplet
diameter reaching a record-high value of 3.2%. We note
that the ever more slowly decreasing values for SP/2 and
increasing CE appear to converge to a common value. This
intriguing observation indicates that the limit CE ≤ SP/2,
strictly valid only for isotropic emission [54], may provide
a good estimate for the maximally reachable CE value of
the plasma source.

Over the entire range measured, the radiative efficiency
is monotonically increasing and significantly higher than
for the 96-μm laser beam [see Fig. 6(c)]. Comparing the
small-beam measurements to the model results of Sec. V,
we plot Eq. (3) using the values for v and th as determined
from the global fit in Fig. 4. We set the beam spot size
to 56 μm leaving only ηrad as a free fit parameter. The
model fit shown with the dashed-dotted line in Fig. 6(c)
is in excellent agreement with the experimental data. The
obtained value for ηmax = 42(1)% is slightly lower than
before, although within systematic uncertainties of deter-
mining beam spot and droplet size. The regime probed by
these small-beam measurement includes model cases (ii)
and (iii) that are not reachable in Sec. V. In these cases, the
laser beam does not directly heat the laterally expanding
high-density plasma at radii Reff > w, which may affect ηrad
through differences in the energy partitioning between for-
ward and backward emission, and plasma kinetics. Further,
the finite ellipticity of the laser-beam spot may slightly
influence the measurements as the plasma expansion in
these cases (ii) and (iii) exceeds major and minor axis over
the scanned parameter range.

Aside from the already explored reduction of laser-beam
spot and increase of droplet size to improve ηrad, our model
shows that laser pulses of even longer duration could also
be employed to compensate for a geometrical mismatch.
For all three solutions, increases in ηrad are partially offset
by a decrease in SP. Given the limit conditions CE ≤ SP
or the apt CE ≤ SP/2, any global approach to source opti-
mization needs to maximize both SP and the laser-plasma
overlap captured by ηrad. Based on these considerations
and our spectroscopic measurements in Fig. 6(a) from
which we obtain values for SP above 12%, conversion
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FIG. 6. (a) Spectra for two droplet sizes and two laser-beam
sizes (see main text) at a laser intensity of 1.4 × 1011 W/cm2;
(b) values for SP/2 and CE versus droplet diameter for the two
laser-beam sizes; (c) radiative efficiency versus droplet diameter
for the two laser-beam sizes. The dash-dotted and solid lines rep-
resent the model curves. For the 56-μm laser beam, the regimes
corresponding to the three model cases (i)–(iii) of Eq. (3) are
highlighted by the vertical dashed lines (see main text).

efficiencies of CE = SP/2 = 6% may in fact be achiev-
able. These values would rival those of current CO2-laser-
driven sources. To obtain such efficiencies, the observed
systematic decrease of SP with decreasing beam size needs
to be negated. The model points towards another class
of solutions including maximizing ηrad by using a sepa-
rate laser “prepulse” to predeform the microdoplet into a
disk shape [16–23] that closely matches the applied “main”
laser-beam spot size.
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VII. CONCLUSION

We experimentally investigate the emission of EUV
light from Nd:YAG laser-produced plasma over a wide
parameter range, varying the laser energy, its pulse dura-
tion, and the size of the tin microdroplets. Spectroscopic
measurements combined with absolute measurements of
the emission into a 2% bandwidth around 13.5 nm allow
us to obtain the scaling of three coupled parameters: the
spectral purity SP, the conversion efficiency CE, and the
radiative efficiency ηrad expressed as the ratio CE/SP.
We successfully capture all observed scalings of ηrad
in a geometrical model featuring the plasma absorption
length as the pertinent parameter. Using a smaller laser-
beam spot size, approaching the size of the droplets, we
obtain a record-high 3.2% conversion efficiency of laser
light into in-band radiation. Energy conservation con-
siderations bind the maximum value of CE to SP/2 for
isotropic emission, and our measurements strongly hint
at the convergence of CE towards this theoretical limit.
A 6% conversion efficiency value may thus be achiev-
able in future experiments that should also quantify and
compare the debris produced by Nd:YAG laser-produced
plasma sources to industrial ones using CO2 lasers. High
values for the key parameter, the conversion efficiency, are
indeed obtainable from a single 1-μm-laser-pulse irradia-
tion scheme. Combining these high conversion-efficiency
values with the advantages of reduced footprint, beneficial
wall-plug efficiency, and laser stability this work enhances
the prospects that Nd:YAG-driven LPP light sources will
find application in EUV nanolithography.
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