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ABSTRACT

We present the results of joint measurements of electron density (ne), temperature (Te), and emission spectra of an Nd:YAG-driven tin
plasma. Collective Thomson scattering provides space- and time-resolved ne and Te data during drive laser irradiation, and extreme ultravio-
let (EUV) emission spectra, which is space-resolved in the target normal, are measured using a flat-field grazing incidence spectrometer
(GIS). As the distance from the target increased, the emission intensity quickly decreases, and the peaks of the spectra gradually shift to longer
wavelengths. This can be explained by the rapid decrease in ne, and thus, self-absorption, with an increase in distance. We obtain the EUV
spectra by calculating the transfer of photons along the line-of-sight of the GIS, using theoretical emissivity and opacity, and applying the
measured spatial distribution of ne and Te. The results quantitatively demonstrate that the self-absorption effect is significant; the emission
from the core regions is mostly reabsorbed by the surrounding plasma. The calculated spectra are compared with the measured spectra.
While good agreement is achieved in the spectral region of 13.3 and 15.3 nm, considerable differences are found in the 12.5–13 and
15.5–17.5 nm region. The results demonstrate the significance of this joint measurement for further validation of the atomic process model
considering self-absorption effect, which is critical for the future high-density, solid laser-driven EUV source.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0174185

Laser-produced tin plasmas (tin-LPPs) serve as advanced light
sources for state-of-the-art extreme ultraviolet (EUV) lithography.1–3

In current industrial machines, tin-LPPs are formed by high-power
CO2-lasers operating at 10.6lm wavelength,4 emitting intense and
narrow-band EUV emissions centered near a wavelength of 13.5 nm.
Solid-state YAG lasers operating at 1.06lm wavelength could be a
promising alternative drive laser source, considering their advantages
in efficiently converting electrical power to laser light.5–8 The decrease
in laser wavelength by a factor of ten results in a critical plasma density
(ncrit / k�2) 100 times higher for YAG lasers, allowing penetration
and absorption of laser light in higher density regions near the target

surface. While this enhances the efficiency of laser absorption by the
tin target, it also leads to significant self-absorption of the emitted
EUV light, causing broadening of the EUV spectral emission beyond
the reflective bandwidth of the available multi-layer optics8–10 (2%
centered on 13.5 nm, so-called in-band).

The electron density (ne) and temperature (Te) in these plasmas
are critical parameters for optimizing the source output as they deter-
mine the physical processes in the EUV source, such as the laser
absorption and radiative properties. Previous modeling efforts have
demonstrated that EUV emissivity and opacity are directly related to
the ne and Te in the plasma light source.11–18 Therefore, the
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optimization of EUV plasma ultimately relies on determining the opti-
mal plasma conditions that can maximize the EUV in-band output
while minimizing the self-absorption effect. To this end, the plasma
conditions need to be measured to provide a full view of the spatial
and temporal evolution of ne and Te when the plasma radiates EUV
light. Additionally, it is equally important to understand the spectrum
of the emitted light, and thus, the complex atomic physics of highly
charged Sn ions.11,19–25 Recent studies have demonstrated that transi-
tions between the multiply excited configurations considerably con-
tribute to EUV emission as well as opacity.26,27 The complexity of such
processes makes the accurate modeling of the emission spectra a non-
trivial task, raising the need for experimental studies. However, such
studies are far from complete. While line-integrated ne has been stud-
ied using laser interferometry,28,29 spatially and temporally resolved ne
and Te in tin-LPPs have rarely been measured. As a result, in most
cases, ne and Te have to be estimated using model or simulation to
explain the EUV spectra. No experimental studies covering both the
plasma conditions and the resultant emission spectra have been per-
formed on laser-produced tin plasmas.

In this Letter, we present the simultaneous measurement of the
electron density, electron temperature, and emission spectrum of a
YAG-driven Sn plasma. This has been possible with the combination
of two experimental techniques. First, the ion-feature of collective
Thomson scattering (CTS) provides space- and time-resolved plasma
density and temperature data, and second, space-resolved EUV emis-
sion is measured by a flat-field grazing incidence spectrometer (GIS).
Unlike earlier works,5,7–9 we explained the EUV spectra variation using
measured plasma conditions, instead of relying on analytical or simu-
lation predictions. In addition, we obtain the EUV spectra by calculat-
ing the transfer of photons along the line-of-sight of the GIS using the
theoretical emissivity and opacity11 and the measured spatial distribu-
tion of ne and Te. The output spectra from the calculations are then
compared with the measured spectra. This joint measurement of ne,
Te, and EUV spectra in high-density LPP, where EUV spectra are
strongly affected by self-absorption, has enabled direct experimental
verification of atomic processes in tin-LPPs at high density.

In the experiment, the plasma density (ne) and temperature (Te)
were measured with CTS, as shown in Fig. 1(a). A planar solid tin tar-
get was irradiated from its normal with a 1.06lm Nd:YAG laser with
a 7 ns pulse width in full width at half-maximum (FWHM). The spot
diameter on the target surface was measured to be 550lm (FWHM),
which was slightly larger than the target thickness (0.5mm) in the Y-
direction. A laser intensity of 3� 1010 W=cm2 was obtained on the
target. Another second harmonic, injected-seeded Nd:YAG laser with
a 4 ns pulse width (FWHM) was used as the probe, creating a 50lm
spot in the plasma plume. The probe beam was arranged perpendicu-
lar to the drive laser beam in the Y-direction. The target was moved
with respect to the probe beam to achieve space-resolved measure-
ments in the X-direction. The CTS signal was observed at 45� (scatter-
ing angle of 135�) from the target normal using a custom-made
spectrometer30 equipped with an intensified charge-coupled device
(ICCD) camera (1024� 1024 pixels, 13lm/pixel). The instrumental
width (spectral resolution) was 18pm, and the temporal resolution, set
by the ICCD camera gate width, was 2ns. The spatial resolution was
20lm in the Y-direction (determined by the pixel size of ICCD) and
50lm in X- and Z-directions (determined by the spot size of the probe
laser). In this work, the time when the drive laser intensity reaches its

maximum is defined as “0ns,” and the time during the drive laser irra-
diation is of the most interest. Figure 1(b) shows an example of the
recorded CTS spectra at 0 and 130lm above the target. In the collec-
tive scattering regime, the spectrum exhibits two ion acoustic fea-
tures.31,32 Electron temperature profiles can be extracted from the
Thomson scattering signal based on the wavelength separation of the
ion-acoustic feature, as described in Ref. 33. The electron density was
determined by calibrating the value of the scattered power using
Rayleigh scattering in air, via the following relation:
SiðkÞne ¼ nRðrR=rTÞðIT=IRÞ, where SiðkÞ is the frequency-integrated
spectral density function; nR is the density of the gas used in the
Rayleigh calibration; IT and IR are the total Thomson and Rayleigh
scattered intensities, respectively. The ratio of the Thomson cross sec-
tion to the Rayleigh cross section (rR=rT ) is well known for air under
atmospheric pressure.34 Regarding the plasma heating by the probe
laser, the relative temperature increase (DTe=Te) has been well dis-
cussed in a previous paper35 based on a model considering the absorp-
tion by the inverse bremsstrahlung and the heat transport to the
volume surrounding the laser beam during the laser pulse. As a result,
DTe=Te was estimated to be less than 5% in the cases reported here.

The EUV emission spectra were measured using GIS in a separate
set of experiments, where the tin-LPP was created under identical con-
ditions, except that the target width in the Y-direction was 2mm.
Time-integrated EUV emission was observed using a GIS at 90� with
respect to the drive laser beam. This GIS is equipped with an Au
coated toroidal mirror (size: 50� 25mm2), a 1200 grooves/mm flat-

FIG. 1. (a) Sketch of the experimental setup in top view. (b) CTS spectrum obtained
at 0 ns, 130 lm above the target surface.
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field grating (size: 50� 30mm2), an entrance slit width of 30lm, and a
back illuminated x-ray CCD camera (1024� 1024 pixels, 13lm/pixel).
Wavelength calibration in the 10–18nm region was carried out through
hydrogen-like and helium-like line spectra from carbon plasmas.36 The
spectral resolution was about 0.05nm, determined mainly by the slit
width and the pixel size of the camera.37 It is worth noting that the 90�

view angle and the toroidal mirror in GIS allow for a space-resolved
measurement of EUV spectra in the X–Z plane with spatial resolutions
of 30lm in both X- and Z-directions, determined by the slit width and
pixel size, respectively. The recorded emissions are integrated along
the line-of-sight (Y-direction). The space-resolved measurement in
X-direction was conducted by moving the Sn target along the target
normal, in steps of 25lm, with respect to the line-of-sight of the GIS.

In Fig. 2(a), we present the CTS-measured 2D profiles of ne and
Te of tin-LPP, as well as their temporal evolution at time delays of 0, 2,
and 4ns. Later time delays or distances farther from the target are
not of interest because tin-LPPs mainly radiate EUV light when the
temperature is high. The CTS results indicate the tin plasma reached
ne � 4� 1019 cm�3 and Te � 26 eV at 0ns, 130lm above the target.

This ne rapidly decreases to 8� 1018 cm�3 as the distance increases in
the X-direction to 300lm or in the Y-direction to 200lm, as shown
in Fig. 2(b). At the same time, Te distributes more uniformly in space,
with a small difference within6 2 eV. After the laser peak, Te rapidly
falls over the next few nanoseconds, whereas a high ne is maintained
near the target surface. A steep decrease in ne and uniform distribution
of Te are also observed at 2 and 4ns.

Figure 3 shows the spaced-resolved EUV spectra in the target
normal recorded by GIS, which are normalized to their respective
maxima. The prominent characteristic observed in Fig. 3 is the shift in
the spectral peaks from 13.1 nm toward 13.7 nm with the increasing
distance from the target surface. This shift can be attributed to the
decrease in optical depth at farther distances, because ne quickly
decreases with increasing distance, as shown in the upper panels in
Fig. 2(a). This will be further discussed later using Fig. 4(c). We also
see a quick decrease in the intensities of the spectra with increasing dis-
tance. At 130, 200, and 300lm, the peak intensities decrease to
approximately 63%, 25%, and 8% of the maximum value obtained at
25lm, respectively.

FIG. 2. (a) 2D contour plots of the CTS results. Upper panels: ne, Lower panels: Te. Y-distribution of ne (b) and Te (c) at 0 ns, 130–300 lm above the target. The error bars
displayed in (b) are attributed to changes in the system sensitivity before/after the experiment, while in (c) the error bars are assigned based on the uncertainties in determining
the wavelength separation of the ion-acoustic feature.
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To test the existing EUV spectrum model against the experiment,
the modeled spectra are calculated by solving the photon transfer along
the line-of-sight (Yþ direction), using the CTS-measured ne and Te

given in Fig. 2(a), and the theoretical emissivity and opacity from Ref.
11. The ray trace method38 is used to calculate the radiation transport.
The calculation results, which are integrated over time (0–4 ns) and

space along the line-of-sight, are given in Fig. 4(a). Two types of
modeling spectra are calculated: those that consider the self-absorption
effect are shown as broken lines, while those that do not are shown as
solid lines. The large intensity differences between the broken and solid
lines indicate strong self-absorption of the emitted radiation in this
dense plasma. When self-absorption effect is not considered, the spec-
tra look jagged due to the atomic data used in the calculation having a
high resolution of about 0.05nm. In contrast, the spectra that consid-
ered the self-absorption effect appear much smoother because, as
shown in Fig. 4(c), the wavelength where strong radiation occurs also
experiences significant self-absorption. It is intrusive to study how
much the emission energy produced at a certain Y-location, can finally
escape the plasma along Yþ direction. The results are presented in
Fig. 4(b). One can see that, for 130lm, the emission from the core,
dense regions is mostly reabsorbed by the surrounding plasmas, while
the observed emission feature mainly originates from the plasma at
Y> 100lm. Because of the rapid decrease in the density along the tar-
get normal, self-absorption is significantly reduced at X¼ 200 and
300lm, leading to an increased transmission ratio. Finally, the spectral
characteristics of self-absorption are given in Fig. 4(c). At X¼ 130lm,
self-absorption mainly occurs between 13.3 and 14.3nm wavelength,
with a much smaller impact at 13.3nm or shorter wavelengths. This
can explain the reason why the spectra measured at close distances, as
shown in Fig. 3, have peaks near 13.3 nm. As the distance from the tar-
get increases, the absorption dip around 13.5nm quickly weakens. In
other words, a decrease in ne considerably reduces self-absorption
around 13.5 nm, while in other wavelengths, the decrease is relatively
minor. As a result, the spectral peaks shift toward longer wavelengths
with the increasing distance from the target, as depicted in Fig. 3.

FIG. 3. Normalized emission spectra measured at multiple distances from the tar-
get. The gray-shaded area shows the 2% bandwidth around 13.5 nm (in-band
wavelength).

FIG. 4. (a) The modeling spectra are calculated using ne/Te data from CTS measurement. The spectra that consider the self-absorption effect are shown by the broken lines,
while those that do not are shown in the solid lines. The gray-shaded area indicates the in-band region. Inset: Zoomed-in view of the broken lines. (b) Transmission ratio of
emission, which is produced at a certain Y-position at 0 ns, along Yþ direction. The emission is integrated over time and wavelength between 10 and 18 nm. (c) The spectral
features of self-absorption.
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The experimental emission spectra are compared with the cal-
culated spectra, as shown in Fig. 5. The calculated spectra, shown in
black, account for the self-absorption effect. For visibility and ease of
comparison, the spectra are normalized to their respective maximum

values. Similar to the experimental results, the peaks of the calculated
results shift to longer wavelengths as the distance from the target
increases. The spectra in the region between 13.3 and 15.3 nm,
including the most interested in-band wavelength, exhibit a reason-
able agreement between the measured and calculated results.
However, the differences in the other regions are pronounced. A
prominent difference between the spectra is seen in the 12.5–13 and
15.5–17.5 nm regions. Also, it is apparent that the spectral feature
peaks near 10–11 and 15 nm is missing in the measured cases. The
emissivity and opacity from Ref. 11, which is used in the present cal-
culation, was based on a relatively simple set of configurations, 4dN,
4dN�1(4fj5pj5f), and 4p54dNþ1, including a limited number of multi-
ply excited states. The calculation reproduces the spectra from CO2

laser-driven tin plasmas with a low density, where the emission
mainly arose from singly excited states. However, as addressed in a
recent study,26 in the case of YAG-driven plasmas, the excitation to
multiply excited configurations increases, making a substantial con-
tribution to the EUV emission as well as the opacity. These emissions
appear on the shorter and longer wavelength sides of the main peak,
which increases the spectral width of the main peak. To produce a
more accurate prediction of the emission spectra from YAG-driven
tin plasmas, a considerably larger number of configurations and
related configuration–interactions should be considered in future
modeling works.

We note that a 2mm-wide target was used in the GIS experiment,
which was longer than that used in the CTS. This could potentially
lead to increased reabsorption of emissions at the plasma edge in the
GIS experiment. However, as shown in Fig. 2(b), due to the low density
at the edge, the reabsorption effect for Y> 200lm is expected to be
small. This may cause a reduction in the transmission ratio [Fig. 4(b)]
by up to 20%. Our future work will involve measuring the plasma con-
ditions and emission spectra under identical target and laser condi-
tions to provide a comparison on a more equal footing.

In summary, we experimentally investigate the density, temper-
ature, and EUV spectra of Nd:YAG-driven tin plasma and enabled a
comparison between the measured spectra with those predicted by
the atomic model. The CTS provides detailed time- and space-
resolved density and temperature information of the plasma when
the EUV light mainly radiates. Using a GIS, the emission spectrum
was space-resolved in the target normal direction. With increasing
distance from the target, the emission intensity quickly decreases,
and the peak of the spectra gradually shift to longer wavelengths. We
calculated the modeling spectra using the theoretical emissivity and
opacity and the CTS-measured density and temperature. There is a
significant difference in terms of the spectral shape and intensity
between the calculated spectra when the self-absorption effect is con-
sidered and those when it is not. This indicates that the emitted radi-
ation is mostly reabsorbed by the surroundings. Finally, we
compared the modeled spectra with the measured spectra. While
good agreement is achieved in the spectral region of 13.3 and
15.3 nm, considerable differences are found in the 12.5–13 and
15.5–17.5 nm regions. This discrepancy could be explained by the
lower predictive accuracy of the atomic model, because only a limited
number of multiply excited states are considered. Looking further,
this approach can provide a valuable experimental benchmark for
existing atomic models, assisting the refinement of more accurate
and predictive models in the future.

FIG. 5. The comparison between the modeled spectra and the measured spectra, at
(a) 130, (b) 200, and (c) 300lm. The gray-shaded area indicates the in-band region.
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