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Abstract: We have studied the laser pulse shape dependence of the conversion efficiency
of λ = 1.03 μm laser pulse energy into 13.5 nm extreme ultraviolet (EUV) emission
from a Sn laser-produced plasma. Laser pulses of arbitrary temporal shape ranging from
hundreds of picoseconds to several nanoseconds were generated using a programmable
pulse synthesizer based on a diode-pumped chirped pulse amplification Yb: YAG laser.
Measurements show that the conversion efficiency favors the use of nearly square pulses
of duration longer than 2 ns, in agreement with hydrodynamic/atomic physics simulations.
A 35% increase in conversion efficiency was obtained when Q-switched pulses were
substituted by square pulses of a similar duration. Experiments conducted irradiating a Sn
target with a sequence of two time-delayed 250 ps pulses showed a 30 percent increase in
the EUV yield respect to a single pulse of the same total energy when the pulse separation
was optimum at 2.1 ns. This suggests that re-heating of the plasma with delayed laser
pulses could be used to improve the EUV yield. The spectroscopic characterization of EUV
emission and in-band EUV images that characterize the source size are also presented.

Index Terms: EUV emission, conversion efficiency, laser-produced plasma, pulse shaping,
pulse sequence, Spectroscopic characterization, plasma imaging, code Radex.

1. Introduction
After decades of development, Extreme Ultraviolet (EUV) lithography based on Sn laser-produced
plasma (LPP) emitting at wavelengths near 13.5 nm [1]–[8] has been advanced to meet that
demands of high volume manufacturing (HVM) of integrated circuits. A requirement for achieving
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HVM is the generation of sufficient EUV power, which over the past decades, has increased by
more than a factor of 20 [6]. However, additional increases in EUV power are still desired to increase
wafer throughput. In addition to employing more powerful driver lasers, these further increases
depend on the optimization of the conversion efficiency (CE) on laser energy into in-band EUV
radiation. Here we report the results of the study of the CE dependence of a Sn LPP on laser pulse
shape. The experiments were conducted by irradiating flat Sn solid targets with pulses of different
shapes generated by an innovative pulse synthesizer .

EUV CE is defined here as the ratio of EUV energy radiated into 2π solid angle within a 2%
bandwidth near the central wavelength of 13.5 nm to the energy of the excitation laser pulse that
is employed to create the plasma. Different methods have been explored to increase the CE of
Sn LPP. Previous works have investigated the CE dependence on the laser wavelength [9], [10],
the duration of excitation laser pulse [9], [11]–[13], the initial density of the target [14], [15], the
target geometry [16], [17], the focal spot size [13], and the laser energy deposition history by the
addition of a pre-pulse preceding the main excitation laser pulse [18], [19]. In particular, the use
of the pre-pulse technique has made it possible to achieve a significant increase in the CE of Sn
LPP [4]. In this work, we study another variable: the laser pulse shape. To generate pulses of
arbitrary shape a pulse synthesizer based on a cryogenic Yb: YAG laser system was implemented.
Different pulse synthesizing techniques have been reported previously. In Ref. [20] and Ref. [21]
femtosecond pulses of arbitrary shapes were generated using spectral filtering in a temporally
nondispersive grating set up for applications such as optical communications and spectroscopy.
However, femtosecond pulse durations are not optimal for the efficient generation of EUV emission
from a Sn LPP. In Ref. [22] birefringent prisms were used to split an incident beam into four replicas
and form a flat top pulse with a pulse duration of one hundred picoseconds by recombining the
replicas with appropriate delays for the purpose of pumping an optical parametric amplification
system. In Ref. [23], the output from a CW oscillator is modulated by EOMs which is driven by an
AWG and then amplified to >270 mJ by two Nd: YO4 amplifiers and one Nd: YAG amplifier. The
output of this laser system, which has box shaped temporal profile and flat-top spatial profile, was
then used to generate Sn LPP from Sn droplet [24].

The configuration and operation of the pulse synthesizer in the λ = 1.03 μm laser used to conduct
the present work are summarized in Section II. Although the primary technique for EUV generation
consists in irradiating Sn droplets with CO2 laser at λ = 10.6 μm mainly due to low critical electron
density and hence low re-absorption of EUV emission [25], the compactness, higher efficiency, and
increased reliability of diode-pumped YAG lasers makes them an attractive alternative, provided
conversion efficiency at 1 μm wavelength can be improved. In this investigation, we studied the
influence of the pulse shape and pulse sequence on the EUV emission from a plasma created
by focusing a λ = 1.03 μm laser onto slab Sn targets. The concept of pulse shaping approach
could be adapted to λ = 10.6 um, droplet targets, and other LPP configurations of interest. Since
it makes sense to investigate the influence of pulse shape in the vicinity of the optimum conditions
for maximum CE, we scanned a multi-dimensional parameter space to find such conditions.
Scans were conducted as a function of laser intensity, the key parameter influencing the plasma
temperature, along with pulse length, and focal spot size.

2. Experimental Setup
The experiments were conducted by introducing a pulse synthesizer into a chirped pulse amplifica-
tion chain of a diode-pumped Yb: YAG laser, as shown in Fig. 1(a). The front end of the laser system
consists of a mode-locked oscillator, a pulse stretcher, and a regenerative amplifier. The details of
the front end of this laser are described in Ref. [25]. The regenerative amplifier can be operated
in two different modes: Q-switched/cavity-dumped mode or injection seeded. When operated in
Q-switched/cavity-dumped mode, it can output pulses with a duration of several nanoseconds
depending on the width of the window of the Pockels cell after the regenerative amplifier. When
operated in seeded mode, it can output pulses with duration of several hundreds of picoseconds
depending on the configuration of the grating stretcher. For the results here, the stretched pulses
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Fig. 1. (a) Block diagram of the laser pulse synthesizer system. The sub-pulses in the pulse train that are
generated by the pulse synthesizer are made co-linear after being amplified by the second regenerative
amplifier. In the diagram, the sub-pulses are deliberately displaced in the horizontal direction for visual
clarity. (b) Illustration of the pulse synthesizer.

had a duration of either 250 ps FWHM or 300 ps FWHM, after gain narrowing in the power
amplifier. To generate synthesized pulses of arbitrary shapes, a pulse synthesizer is introduced
after the regenerative amplifier, as shown in Fig. 1(a). A schematic diagram of the pulse synthesizer
is shown in Fig. 1(b). First, the output pulse of the regenerative amplifier is spatially expanded
100 times in the horizontal direction using a cylindrical telescope. Subsequently, the spatially
expanded pulse is split into 10 channels, each associated with a sub-pulse. Each sub-pulse passes
through a liquid crystal phase retarder and is then reflected back by a retro-reflector. The reflected
sub-pulses return through the liquid crystal phase retarders and the cylindrical telescope. Finally,
the sub-pulses merge and are extracted by a cube polarizer. The intensity of each sub-pulse can
be adjusted controlling the voltage on each liquid crystal in real-time using a control program.
The retro-reflectors are mounted on rails such that the distance between any two retro-reflectors
can be changed, thereby controlling the inter-pulse temporal separation. When the sub-pulses
are spread out evenly, the temporal separation between any two adjacent sub-pulses can be
changed from 0 to ∼1 ns, resulting with a total pulse duration of up to 9.3 ns. When combined
with a pulse compressor, this synthesis allows for the production of arbitrary sequences of sub-10
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Fig. 2. Examples of synthesized pulses: The dashed traces are the designed shapes and the blue
traces are the measured synthesized pulses. The input pulses into the synthesizer have a pulse
duration of 300 ps FWHM. In order to form different pulse shapes, number of one (a), three (b), five
(c), ten (d)–(f) channels are used, and the voltages applied to the liquid crystals phase retarders are
adjusted to form square (d), up-ramp (e) and down-ramp (f) shapes.

picosecond-duration pulses. For the experiments reported here, the output was not compressed
allowing for the tailoring of nanosecond duration pulses with a few hundred picosecond resolution.

The capability of adjusting the intensity of each sub-pulse and the distance between any two
retro-reflectors makes it possible to form any shape of synthesized pulse and to introduce an
arbitrary sequence of pulses. A program is used to control the shape of the pulse in real time
by monitoring the output pulse of the laser system and automatically changing the voltages on the
liquid crystal phase retarders to achieve the designed pulse shape. After being extracted by the
cube polarizer, the sequence of sub-pulses is sent into a second regenerative amplifier to regain
the energy necessary to operate the subsequent power amplifiers near saturation. The energy
of the synthesized pulse is increased to 100 mJ by a cryogenically cooled diode-pumped Yb: YAG
multi-pass amplifier operating at λ = 1.03 μm [26]. Examples of synthesized pulses are illustrated in
Fig. 2. These pulse traces demonstrate the capability of generating a sequence of pulses separated
by hundreds of picoseconds to form arbitrary intensity contours which we are calling synthesized
pulses. It should be noted that here the duration of a synthesized pulse is measured from the half
maximum of the rising edge of the leading sub-pulse to the half maximum of the falling edge of
the trailing sub-pulse, and the pulse duration of a Q-switched or seeded pulse is measured as its
FWHM value. A more detailed description of this new pulse synthesizer can be found in [27].

The amplified synthesized pulses are focused onto a polished Sn slab target to generate the
plasmas. The spot focus diameter was adjusted from 100 μm to 200 μm by using lenses with
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different focal lengths. The Sn LPP emission was characterized using a EUV diagnosis suite, which
is similar to that used in Ref. [28], but adapted for operation at 13.5 nm and expanded to include the
capability of time resolved measurements. The energy of emitted EUV radiation was measured by
three energy monitors that are positioned in the same horizontal plane that contains the Sn LPP and
the irradiation laser at angles of 6o, 46o, and 86o with respect to the target normal. The EUV pulse
energy monitors consist of an EUV-sensitive photodiode, a Mo/Si mirror, and a 0.3-μm-thick Zr thin
film filter. The total wavelength-resolved responsivity of each energy monitor near λ = 13.5 nm
was calibrated at the Advanced Light Source synchrotron beamline 6.3.2. [29]. The combination
of Zr filters and multilayer Mo/Si mirrors makes it possible to detect only the in-band 13.5 nm
EUV emission. The spectral emission was measured at an angle of 60° from target normal, using
a flat-field grazing incidence spectrometer consisting of a variable-line-spacing diffraction grating
with a nominal ruling of 1200 lines/mm and a back-illuminated CCD detector. The measured CCD
images were integrated in the non-dispersive direction and were corrected for filter transmission,
grating efficiency and for the wavelength dependence of quantum efficiency of the CCD detector.
The measured spectral emission wavelength was calibrated using the 2p→ 1s transition line of
Li3+ at λ = 13.5 nm and the absorption edge of silicon at λ = 12.5 nm. For the first calibration,
LiOH powder was spread over the Sn target to generate emission from the same plane, and for the
second a 100 nm thick silicon filter was used.

The time-resolved EUV emission was measured by using a Mo/Si concave mirror to reflect and
focus EUV emission from the Sn LPP onto a fast EUV silicon photodiode. A digitizing oscilloscope
with 1.5 GHz analog bandwidth was employed to record the signal. The impulse response of the
entire photodiode-based detecting system was calibrated using the ultrashort duration pulses from
an 18.9 nm Ni-like Mo EUV laser [30]. The duration of the pulses of this type of plasma-based
laser is ∼5 ps [31] that for practical purposes is a delta function with respect to the time scale of
interest here. The recorded 10%–90% risetime of the entire detection system was measured to be
0.89 ns. A Zr filter was placed in front of the fast EUV photodiode to block IR and visible light from
reaching the photodiode. In addition, we used an EUV imaging system to monitor the size of EUV
emitting region of the plasma from both normal and tangential directions. Magnified images of the
in-band plasma emission were obtained using a concave Mo/Si multilayer mirror with a radius of
curvature of 0.25 meters and a EUV-sensitive CCD. The magnification factor used was 12x and
14x for normal and tangential directions respectively.

3. Experimental Results
3.1 Angular Distribution of the EUV Emission

The angular distribution of the EUV emission shown in Fig. 3 was obtained using an array of
three energy monitors placed at different angles. The total EUV yield was obtained by fitting the
measured emission angular distribution with a 2nd order polynomial and integrating this distribution
over a solid angle of 2π , assuming the EUV emission is symmetric about the central axis of the
Sn LPP. The laser irradiation parameters including the pulse shape, pulse energy and focal spot
size were scanned when measuring the angular distribution of the EUV emission. This allowed us
to determine the CE more accurately than assuming an isotropic distribution, as done in previous
measurements [14], [16]. Fig. 3(a) shows a comparison of the angular profiles of EUV emission for
different laser pulse shapes while the 80 mJ laser pulse energy and 150 μm focal spot diameters
remained constant. In Fig. 3(b) each angular intensity distribution is normalized to the same
maximum to facilitate comparison. The EUV emission is observed to decrease as a function of
angle with respect to the target normal, which is in agreement with previous studies of Sn LPP [32].
Additionally, the angular profile of the EUV emission corresponding to the synthesized square pulse
is observed to be flatter than the angular profiles corresponding to the other pulse shapes. This
more homogeneous angular distribution of the EUV emission results from the temporally constant
irradiation flux that creates a more homogeneous LPP of greater radial extent, with more uniform
temperature and more homogeneous dynamic Doppler effect and optical depth.
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Fig. 3. (a) Measured EUV emission intensity at angles of 6o, 46o, 86o with respect to the target normal
and the fitted angular profiles of EUV emission for Sn LPP created using different laser pulse shapes:
square (red), up-ramp (brown), down-ramp (blue), and Q-switched (green). A laser pulse energy of 80
mJ laser pulse and 150 μm focal spot diameter remained constant. (b) Normalized angular profiles of
the EUV emission.

3.2 CE As a Function of Laser Fluence for Different Pulse Shapes

The CE of the Sn LPPs was measured as a function of laser fluence for different pulse shapes.
The spectral distribution corresponding to different pulse shapes and pre-pulse sequences were
analyzed. Here we limit the discussion to several distinct pulses designed to have different rise
times and pulse shapes, including a Q-switched pulse, a synthesized square pulse, a synthesized
up-ramp pulse, and a synthesized down-ramp pulse. The Q-switched pulse has a pulse duration of
∼3 ns FWHM. The synthesized pulses have a pulse duration of 3ns which is measured from the
half maximum of the rising edge of the leading sub-pulse to the half maximum of the falling edge
of the trailing sub-pulse. It was found that the Q-switched pulse yields a CE of ∼2.0% which is in
general agreement with previous works using λ = 1 μm laser and flat solid Sn targets [10], [16]. As
shown in Fig. 4, the synthesized square pulse yields a CE of 2.7% which is 35% higher than the
CE of the Q-switched pulse. The synthesized up-ramp and down-ramp pulse yield a similar CE of
∼2.4%, which is slightly lower than the CE of the synthesized square pulse.

The experimental results match well with simulations conducted using the transient hydrody-
namic/atomics physics model Radex, which is devoted to radiation properties of laser produced
plasma. The description of hydrodynamic, ionization and radiation equations in the code Radex,
can be found in [33]–[36]. All ion species from low to high Z present at a given time are modeled.
The most relevant ions are modeled with hundreds of levels, giving rise to several thousand
transitions with different opacity, which are often affected by different line broadening mechanisms.
That complexity is necessary to correctly describe the radiation and the ionization. The multi-level
transient atomic kinetics models with radiation transport are used self-consistently with the hydro-
dynamic equations to obtain the complete ion distribution with the ion level populations. This is done
not only for strongest resonance lines, but also for a much larger number of weaker transitions. To
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Fig. 4. CE as a function of irradiation fluence for different laser pulse shapes (a) Synthesized square
pulse (b) Q-switched pulse, (c) Synthesized down-ramp pulse, (d) Synthesized up-ramp pulse. For each
pulse shape, three focal spot sizes are used, including 100 μm (green), 150 μm (blue), and 200 μm
(red). And for each focal spot size, three pulse energies are used, including 20mJ, 40mJ and 80mJ. A
typical Q-switched pulse shape is inserted in (b) and the Q-switched pulse has a pulse width (FWHM)
of ∼3 ns although it has a long tail.

be able to model the plasma radiation as a self-consistent part of the hydrodynamic simulations
the code treats the radiation transport of each individual ion line in the Biberman-Holstein (B-H)
approximation [37], [38], where the radiated energy transport is treated with analytical expressions
deducted for specific line shape profiles averaged over all directions in each hydro time step.
Spectra can be simulated as post processor computing in more detail the transport of each line
without simplifications like the B-H approximation mentioned above. The simulations indicate that
the ratio of optimal CE corresponding to synthesized square pulse, synthesized up-ramp pulse and
synthesized down-ramp pulse is 1: 0.83: 0.76. For the synthesized square pulse, the optimal CE
occurs at laser fluence of ∼2.5 × 102 J/cm2 in the experiment, corresponding to a laser intensity
of ∼9.0 × 1010 W/cm2. The reason why the synthesized square pulse yields the highest CE is
attributed to the fact after a fast rise the pulse intensity reaches a flat top with the optimum value
to generate in-band 13.5 nm radiation, making more efficient use of the laser pump energy. In
contrast the other pulse shapes only reach the optimum excitation for a short duration. The CE
is sensitive to the pulse duration of the square pulse, in particular when the pulse is shorter than
1.5 ns. As shown in Fig. 5, the EUV CE increases with pulse duration up to 4 ns, with a decrease
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Fig. 5. CE of Sn LPP for 2% bandwidth centered at 13.5 nm as a function of pulse duration for
synthesized square pulses. The total laser pulse energy was 80mJ and the spot size was 150 μm.

in the slope as pulse duration increases. The simulations also suggest that the CE will continue
to grow until quasi-stationary conditions of plasma flow are reached at pulse durations of 6-8 ns.
While this requires experimental verification, in our current 10 channel pulse synthesizer setup
illustrated in Fig. 1(b) the duration of the synthesized square pulse cannot be extended beyond 4ns.
This is because increasing pulse durations requires increased separation between the sub-pulses
that introduces an increased intensity modulation that was found to be detrimental to the CE. For
example, the CE generated using synthesized square pulse decreases from 2.7% to 2.0% when
the temporal separation between sub-pulses increases from 0.4ns to 1.0ns, causing the intensity
modulation to increase from 42% to 100%.

3.3 Spectroscopic Characterization of the EUV Emission

The in-band EUV spectra of the Sn LPP were recorded under the different irradiation conditions.
The emission was measured at 60° from the target normal and in plane with the driver laser using
the EUV spectrometer described above. The spectral emission generated using four different pulse
shapes including a synthesized square pulse (3 ns), a synthesized ramp pulse (3 ns), a Q-switched
pulse (3 ns), and a single 300 ps FWHM duration pulse are shown in Fig. 6. Firstly, we observed
that the peak intensity of the spectrum of the plasma created using synthesized square pulse is
the highest among all of the pulse shapes, in accordance with the CE measurements. For the
Sn LPPs generated using Q-switched pulse, synthesized square pulse, and synthesized up-ramp
pulse, corresponding to pulse energy of 80 mJ and focal spot size of 150 μm, the peak intensities
all fall near 13.5 nm and the normalized spectral emission profiles practically overlap, as shown
in Fig. 6(a) and (b). However, the spectral emissions of the plasmas generated using the 300 ps
pulse is broader and shifted to longer wavelength, because this plasma has a broader range of
ion charge states and has the highest mean ionization state among the pulse shapes [28]. This
happens as a result of maintaining the laser pulse energy constant for all pulse durations. The
shorter laser pulses correspond to higher intensities that lead to larger peak temperatures, that
due to the transient property of ionization, results in larger spread of ion charges. The emission on
the longer wavelength side of 13.5 nm is weaker than that in some other spectra reported in the
literature [13], [14], [41]. According to our simulations the plasma temperature corresponding to the
spectra in Fig. 6 is 40-55 eV (Fig. 10), for which the population of lower charge ions responsible
for emission at these wavelengths is low, and for which 4d-5p transitions are weak [42]. Possibly
contributing to the low emission at the longer wavelengths is also the fact that our spectra were
taken at a relatively large angle of 60 degrees [14], [41].
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Fig. 6. Measured (a) and normalized (b) spectral emissions of Sn LPP generated using synthesized
square pulses (red), synthesized up-ramp pulses (blue), Q-switched pulse (black), and single pulse
(pink) and keeping the pulse energy of 80mJ and focal spot size of 150 μm. The measured (c) and
normalized (d) spectral emissions of Sn LPP generated for focal spot size of 100 μm (blue), 150 μm
(red), and 200 μm (green), keeping the pulse shape as synthesized square pulse and the pulse energy
of 80mJ. The shaded region in each plot shows the reflectivity bandwidth of Mo/Si mirrors.

Secondly, we investigated the influence of focal spot size on the spectral emission of Sn LPP. The
peak intensity of the spectral emission of the plasmas created using 150 μm diameter focal spot is
the highest among all the focal spot sizes (100μm, 150μm, and 200μm) as shown in Fig. 6(c). The
reason is probably because the Sn plasma corresponding to 150 μm has the highest abundance
of the Sn ion species which emit around λ = 13.5 nm. Although the peak wavelength shift between
different focal spot sizes is very small, the spectral emission of Sn LPP generated using 150 μm
spot is narrower than those generated using the other two focal spot sizes. Narrower spectral
emission results in a better overlap between the spectral emission and the reflectivity band of the
sequence of Mo/Si mirrors used for EUV projection lithography which is generally much narrower
than the spectral emission from the Sn LPP [39]. As the focal spot size increases, resonance line
reabsorption also becomes more significant [40]. Larger spot diameters would be beneficial for
larger CE due to an increase of plasma lifetime with respect to the radiative cooling time. However,
the required optimum laser pulse energy would be outside the range of the laser used in these
experiments.

Additionally, a broad range of irradiation intensities was scanned to investigate variations in the
spectrum. The wavelength corresponding to the peak intensity for different pulse shapes, focal spot
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Fig. 7. EUV peak emission wavelength as a function of irradiation intensity. The shaded region
represents the FWHM reflectivity band of the Mo/Si mirror.

sizes, and pulse energies are shown in Fig. 7. This “V” shape trend was reported by a previous
theoretical study [43]. The peak intensity wavelength of the spectral emission of Sn LPP is observed
to first shift to shorter wavelength with increased irradiation intensity (<1011W/cm2) as the mean
degree of ionization reaches the Sn14+. When the irradiation intensity is further increased, the
trend reverses and the wavelength shifts to longer wavelength. This redshift is due to the increased
splitting of n = 4 ground state when the Sn ion is ionized from the closed shell Kr-like ionization
state to higher ionization states.

3.4 EUV Emission From Pulse Sequences

In order to further investigate the dynamics of the EUV emission we designed a double pulse
sequence, as shown in Fig. 8. The motivation is to see if the second pulse can be used to re-heat
the plasma once it has cooled, potentially making better use of the laser energy which is initially
invested to ionize the plasma to the optimum degree of ionization for EUV emission. The Sn LPPs
were created by focusing 250 ps pulses with an energy of 80 mJ into 150 μm focal spots. A concave
Mo/Si mirror was positioned at 15o with respect to the normal of the target surface to collect in-band
EUV emission and focus it onto a fast silicon photodiode. Zr filters were inserted before the fast
silicon photodiode in order to block out-of-band emission and scattered light. We first irradiated
the Sn target using a 250 ps, 40 mJ laser pulse. After a selected delay ranging from 0 ns to 3
ns, we sent a second 250 ps laser pulse of equal energy to re-heat the Sn LPP. As expected, the
lifetime of the EUV emission increased with the arrival of a delayed second pulse. The plasma
corresponding to 0 ns temporal delay was excited with a single pulse with energy equal to the sum
of the two pulses. At an optimum separation of 2.1 ns, the temporally integrated EUV emission from
the two-pulse sequence was measured to increase by ∼30 percent, compared to that from a single
pulse of the same total energy. The change in CE also depends on the irradiation intensity, on the
duration of the individual pulses and the number of pulses in the pulse train. The parameter space
to explore is vast. Nevertheless, the results suggest that the reheating of the plasma with delayed
laser pulses to increase the duration of the EUV emission could be used to improve CE.

3.5 EUV-Emitting Source Size

The dependence of EUV-emitting source size on irradiation parameters, including pulse duration,
focal spot size, and pulse energy, and pulse shape, was studied by acquiring in-band EUV images
of the plasmas. Fig. 9(a) shows in-band EUV images observed along the target normal direction
for plasmas created using the synthesized square pulses. The time integrated size of the EUV
emitting plasma region is observed to be similar to the laser focal spot size and to slightly increase
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Fig. 8. The time-resolved EUV emission from the Sn LPP created using two 250 ps laser pulses
temporally separated by (a) 0 ns (single pulse), (b) 0.6 ns, (c) 1.2 ns, (d) 1.8 ns, (e) 3 ns. The
dependence of the temporally integrated EUV emission on the temporal delay is shown in (f). The
values of temporally integrated EUV emission for different temporal delays in (f) are normalized to the
value of temporally integrated EUV emission for the temporal delay of 0 ns.

with laser pulse energy. The EUV source size is not particularly sensitive to pulse shape (not
shown). In-band EUV images were also recorded in the tangential direction. Fig. 9(b) shows EUV
images taken along the surface for plasmas created using synthesized square pulse and different
pulse energies focal spot sizes.

The expected increased EUV-emitting volume with laser pulse duration, theoretically discussed
in Ref. [11], is observed in Fig. 9(c). This figure shows the increase of the EUV emitting region
with pulse duration for synthesized square pulses of 300 ps, 1.5 ns and 3 ns duration. The data
was obtained keeping the laser pulse energy and focal spot size constant at 40 mJ and 150 μm
respectively.
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Fig. 9. (a) In-band EUV images of plasma recorded normal to the target, and (b) tangential to the
target. In (a) and (b), each row corresponds to one focal spot size and each column corresponds to
one laser pulse energy. (c) In-band EUV Images recorded tangential to the target for different irradiation
pulse durations. The pulse energy was 40 mJ and the focal spot size was 150 μm. The size of the
EUV-emitting region in the direction of the target normal increases with the laser pulse duration. The
pulse shape is square for all images.

Results of a 1-D simulation obtained using the code Radex are shown in Fig. 10. These results
illustrate how the increased pulse duration results in an increase in the EUV emitting plasma volume
by comparing the electron temperature and electron density distribution for plasmas produced by
300 ps and 3 ns pulses. Fig. 10(a) and (b) shows that the Sn LPP created using 3ns synthesized
square pulse results in a significantly larger plasma region heated to the necessary electron
temperature for EUV emission. Fig. 10(c), (d) show that the electron density profiles for the two
pulse durations are not very different. The wider high temperature region in both the spatial and
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Fig. 10. Simulated profiles of plasma temperature of the Sn LPP created using (a) 300 ps pulse, and
(b) 3ns square pulse. Simulated profiles of electron density of the Sn LPP created using (c) 300 ps
pulse, and (d) 3 ns pulse. The laser pulse energy is 80 mJ and focal spot size is 150 μm.

temporal domains results in increased EUV emission and the improvement in CE with increased
laser pulse duration illustrated in Fig. 5. Model simulations also indicate that a further increase
in the laser spot size by a factor of 3 would increase the EUV CE by 30 percent. This expected
increase in CE is the result of an increase of the plasma hydrodynamic lifetime to radiative lifetime
ratio [44].

4. Summary
In conclusion, we have studied the dependence of the 13.5 nm EUV emission from LPPs generated
irradiating solid Sn targets with 1.03 μm laser pulses on laser pulse shape using synthesized
pulses. Measurements were conducted by focusing synthesized pulses of different shape, duration,
and energy from a single Yb: YAG laser onto slab Sn targets. The measured CE of ∼2% for
Q-switched pulses is consistent with the values reported from previous works in which slab Sn
targets were irradiated with λ = 1.03 μm pulses. Synthesized square pulses were observed to
yield the highest CE (2.7%) among all the pulse shapes studied. The synthesized square pulse CE
was ∼35% higher than that corresponding to Q-switched pulses. The CE was also measured to
increase with pulse duration up to the maximum pulse length investigated, 4 ns. A long-lasting
square pulse has the advantage of maintaining for the longest time the pre-selected optimum
irradiation conditions, leading to maximum CE. The resulting EUV spectra recorded as a function
of irradiation intensity show the wavelength corresponding to the peak emission has a ‘V’ shape
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dependence on the irradiation intensity. This is the result of the wavelength dependence of the n
= 4-n = 4 transitions on the ion charge state [45]. This corroborates the well-known fact that the
peak intensity wavelength can be tuned to match the reflectivity band of Mo/Si mirror by changing
the irradiation intensity. Irradiation with a sequence of two time-delayed 250 ps pulses showed a
30 percent increase in the EUV yield at an optimum pulse separation of 2.1 ns, compared to a
single pulse of the same total energy. This suggests that re-heating of the plasma with delayed
laser pulses could be used to improve CE.
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