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Abstract A compact, high-repetition table-top EUV source,
based on a gas-puff target, is presented. This source was
developed in our group and is capable of emitting quasi-
monochromatic radiation at 13.8 nm wavelength with the
inverse relative bandwidth of 140 and pulse energies up to
∼1.3 µJ/pulse at 10-Hz repetition rate. The source is debris-
free, operates near the lithographic wavelengths and offers
the energy density of ∼0.4 mJ/cm2 in each EUV pulse.
These three features make the source attractive for litho-
graphic experiments. The timing optimization of the source,
its energy per pulse, spectral and spatial distributions are
pointed out in detail as well as the enhancement in energy
density achievable with a multi-layer collector mirror com-
pared to a planar mirror of equal reflectivity.

1 Introduction

The recent development of compact short-wavelength sourc-
es has promoted the study of matter properties in the EUV
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regime. The strong demand for such quasi-monochromatic
sources results from the semiconductor industry striving
for even smaller, faster and less power consuming com-
puter chips. Compact EUV sources give the opportunity to
perform the experiments without the necessity to employ
large “photon facilities” with limited user access. Thus these
sources have a huge impact on the speed of the EUV tech-
nology development since the experiments are now not re-
stricted to large facilities only, but can be performed in the
lab environment, quicker, cheaper and with similar results.
Moreover, the importance of the development and the com-
mercial availability of the EUV sources, in particular the
lack of commercial tools for actinic inspection, for the semi-
conductor industry, was already noted by Intel [1]. The us-
ability of the existing EUV sources was proved by many ex-
amples of the experiments involving compact table-top EUV
sources such as capillary discharge lasers for the Interfero-
metric Lithography IL and wavelength resolution hologra-
phy [2, 3], high-harmonic generation sources [4, 5] for the
lens-less imaging [6] and surface deformation studies [7],
optically pumped EUV lasers in the EUV microscopy with
the use of zone-plates [8], xenon discharge produced plasma
(DPP) EUV source from Energetic used for development of
actinic full-field EUV mask blank inspection tool at MIRAI-
Selete [9] and many more.

One of these compact sources is a gas-puff target EUV
source. The suitability of gas-puff target for an efficient soft
X-ray generation in the “water window” range was demon-
strated, resulting in strong line emission from the 1–2 tran-
sitions in H-and He-like nitrogen ions at λ = 2.478 nm and
2.879 nm, respectively using 5 J energy per pulse Nd:glass
laser for an excitation [10] or recently in a very compact,
table-top setup employing much smaller Nd:YAG, 0.74 J en-
ergy per pulse laser [11]. A significant enhancement of X-
ray production in the 1-keV energy range was achieved by
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modification of a single nozzle gas-puff target to a double-
stream gas-puff target [12]. Employing X-ray radiation, in
the wavelength range from 6 to 20 nm, produced as a re-
sult of irradiation of a double-stream gas-puff target with
Nd:YAG laser, a direct and very efficient photo-etching
of PTFE polymer was reported [13]. Gas-puff target EUV
source was also used for studying a fluorescence radiation
in the EUV from Al and Si [14] and micro-structuring of
PMMA polymer [15]. It was also shown that employing
a double-stream gas-puff target the energy conversion effi-
ciency from IR pumping laser to EUV radiation emitted near
the 13.5 nm band may be significantly improved. The calcu-
lated EUV production can be as large as 8.7 × 1013 ph/sr,
corresponding to 8 mJ/2π of emitted energy and the con-
version efficiency equal to 1.6% [16]. However, for some
applications, such as EUV microscopy using diffractive op-
tics for example, a monochromaticity of the EUV radia-
tion, produced using the gas-puff target, is a key parame-
ter that needs to be studied. Thus, in this paper, we report
and characterize a compact high-repetition table-top, quasi-
monochromatic EUV source, based on a similar double noz-
zle gas-puff target that might be employed in applications
requiring narrow-bandwidth EUV radiation. Using an ar-
gon/helium gas-puff and a collinear double-stream electro-
magnetic valve, an efficient EUV production was achieved
in the range between 6 and 20 nm. Employing an ellip-
tical multi-layer mirror (MLM) as a spectral filter and a
EUV radiation collector, the bandwidth was drastically nar-
rowed. As a result, an efficient EUV source was developed
in our group capable of emitting quasi-monochromatic ra-
diation at 13.8 nm wavelength. Timing optimization of the
source, its energy per pulse, spectral and spatial distribu-
tions are presented in detail. The enhancement in energy
density achievable with a multi-layer collector mirror com-
pared to a planar mirror of equal reflectivity is also investi-
gated.

2 Experimental setup

The experimental setup of the compact gas-puff target EUV
source is schematically shown in Fig. 1a and its photograph
in Fig. 1b. An infrared laser pulse λ = 1064 nm with 737 mJ
energy and 4 ns time duration from commercial Nd:YAG
laser NL 303HT from Eksma, Lithuania was focused using
an f = 25 mm focal length lens onto a double-stream gas-
puff target produced by the electromagnetic double nozzle
valve system. The nozzle is composed of a round inner noz-
zle with a diameter of 0.4 mm and a ring-shaped outer nozzle
with diameters of 0.7 and 1.5 mm.

Argon is used as the working gas. To achieve an opti-
mum plasma density further away from the nozzle surface,
second low-Z gas (helium) was used to confine the inner gas
closer to the nozzle axis to decrease the gradient of the work-
ing gas density. The position of the focused IR radiation
from the pumping laser was optimized for the highest EUV
photon production. For argon this position is ∼0.2–0.3 mm
from the axis of the nozzle in the direction of the multi-
layer mirror. To avoid the nozzle ablation by the plasma, the
distance between the nozzle exit and the pumping laser fo-
cus was 1.5 mm. The optimum Ar/He pressure was found to
be ∼10 bar and 5 bar, respectively. To avoid high gas pres-
sure inside the vacuum chamber containing the experimen-
tal setup, a differential pumping was employed maintaining
constantly a pressure of 10−4–10−2 bar during the tests by
two roughing pumps and one turbomolecular pump.

Crucial for an efficient EUV production using a gas-puff
target is the proper timing of the nozzles. Three delays need
to be adjusted to properly drive the nozzles. The nozzle con-
troller was synchronized with the synchronization output of
the pumping laser in order to minimize the jitter in the noz-
zle time sequence. Time TD1 is the delay between the syn-
chronization pulse from the pumping laser power supply and
the opening time of the working gas nozzle, TD2 is the same
delay time for the second—outer nozzle, time PW describes
the pulse width—time measured from the TD1 time to the

Fig. 1 Scheme of the EUV source with a major components indicated (a) and the photograph of the source (b)
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Fig. 2 Schematic description of a double nozzle gas-puff target EUV
source delay parameters

point where both valves are closed. The nozzle time para-
meters are depicted in Fig. 2.

Another very important issue from the efficiency point of
view is a proper EUV light collection. As a collector a MLM
was used. An 80-mm diameter fused silica mirror substrate
was polished to have an ellipsoidal surface with the radii
of ∼179.6 mm and 254 mm necessary to limit the spheri-
cal aberration of the off-axis optic. The substrate was fabri-
cated by Reflex s.r.o. company, Czech Republic. The multi-
layers were optimized to give a maximum reflection at the
wavelength of 13.5 ± 0.5 nm (FWHM) and the incidence
angle of 45°. This was achieved by a stack of 40 silicon and
molybdenum layers deposited on the concave substrate. The
multi-layer period was equal to 10.05 nm with the γ factor
of 0.38 ± 0.02 defined as a ratio of the bottom layer thick-
ness to the multi-layer period. The Si layer (top) thickness
is then 6.23 nm and that of Mo layer 3.82 nm. The multi-
layers were deposited at Fraunhofer Institut für Angewandte
Optik und Feinmechanik, Jena, Germany. The theoretical re-
flectivity of the mirror at 13.5 nm wavelength was found to
be 37.75% for unpolarized light, such as the output of the
laser-plasma EUV source.

The MLM was designed to image the point-like plasma
source to an image plane with a unity lateral magnification,
having both the object and image distances equal to 254 mm.
From the source the collector appears as an ellipse with radii
of 40 and 28.3 mm. The purpose of this optic is two-fold,
firstly to collect most of the plasma emission and secondly
to spectrally select only the plasma radiation from the MLM
reflectivity range of 13–14 nm.

3 Experimental results

During the measurements the optimization of the nozzle
timing was performed in order to optimize the number of
photons in the range set by the reflection properties of the
MLM optic. This optimization was necessary to maximize
the peak irradiance at 13.84 nm, strongest Ar line in the
wavelength range 13–14 nm. Spectral measurements were
performed with and without the collector to show the in-
fluence of the spectral selector on the emission spectrum.
Spatial distribution of the EUV light at the focal point of
the MLM optic was investigated and, finally, the MLM en-
hancement factor was studied in detail.

Fig. 3 Normalized AXUV 100 detector response curve vs. detector
bias voltage

3.1 Nozzle timing optimization

Optimal emission from the gas-puff laser-plasma source
requires optimal timing of the valves. For the measure-
ments an AXUV100 Ti/Zr/C 6/200/50 detector, a silicon p–n
junction photodiode from International Radiation Detectors,
Inc., was used, coated with a 200-nm thick layer of zirco-
nium to filter out the wavelengths above ∼18 nm [17]. The
sensitive area of the detector is 10 × 10 mm2 in size. The
signal from the detector was stored using a 4 GHz Tektronix
DPO 70404 oscilloscope and later integrated numerically.
At 13.8 nm wavelength the quantum efficiency of the de-
tector was assumed to be 6.9 electrons per photon [18]. It
was found in subsequent measurements that the bias voltage
necessary to apply to the detector needs to be 25–30 V. For
that bias voltage, the response curve of the detector saturates
meaning that the influence of the bias voltage to the detec-
tor response is minimized. This can be clearly seen in Fig. 3
depicting the normalized detector response as a function of
the bias voltage. The experimental arrangement for timing
optimization is shown in Fig. 4a.

The influence of the change of three timing parameters
TD1, TD2 and PW from the optimum values can clearly be
seen in Fig. 5. The pumping laser pulse arrives ∼1 ms after
the synchronization pulse. Most important is the TD1 time,
since it defines the delay between the synchronization pulse
and the activation of the working gas valve. If the delay is
too short, the IR pulse excites the gaseous target, which has
lower density than optimal, since the valve was opened too
early and the working and outer gases were injected into the
vacuum chamber for too long time. If the TD1 delay is too
long, above 1 ms, the IR pulse arrives before the actuation
of the working gas nozzle. The optimum value of the TD1
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Fig. 4 Scheme of the
experimental arrangement for a
source timing optimization
(a) for maximum photon flux,
and (b) for peak intensity in the
selected by a MLM Ar line

Fig. 5 Number of photons in the wavelength range from 13 to 14 nm
as a function of the time delay for three timing parameters TD1, TD2
and PW

delay is when the IR pulse excites the target having the op-
timal density for efficient EUV generation. When the pulse
width is too short the amount of gas injected into the vacuum
chamber is too small and the working gas density is lower
than the optimal one, while if the PW is too long, the gas
density increases and is too high so that an extra absorption
of the EUV light occurs, thus the EUV photon production
decreases. The working gas valve is usually opened first, so
TD1 < TD2. If both valves are opened simultaneously, the
efficiency of the EUV photon production decreases from the
optimal value. Our investigations suggest to open the outer
valve ∼60 µs after the first one. If the TD2 delay is fur-
ther increased, a situation arises where the IR exciting pulse
arrives before the pressure of the outer gas injected to the
vacuum chamber is able to shape the density profile of the
inner-working gas and the efficiency of the short-wavelength
photon production is drastically reduced.

The peak of the EUV photon production was equal to
∼8.8 ± 0.5 × 1010 photons per pulse in band—in the wave-
length range between 13 and 14 nm. These optimal condi-
tions were achieved for TD1 = 440 µs, PW = 440 µs and
TD2 = 580 µs for Ar/He pressures of 10 and 5 bar, re-
spectively. The measurements were taken using the AXUV
100 detector with a Zr filter deposited. The error bars in

each point were assessed as a standard deviation based
on ten consecutive measurements. That corresponds to
1.29 µJ/pulse and at 10-Hz repetition rate this gives 12.9 µW
of power in band.

The timing optimization was also performed for maxi-
mum intensity of the Ar 13.84 nm, 2p63s–2p65p transition
in the Ar VIII plasma. Highest intensity does not mean high-
est photon flux, since changing the delays influences slightly
the spectral distribution of the EUV radiation generated by
the investigated source.

The experimental arrangement for this test is shown
in Fig. 4b. The Ar spectra for different timings were
measured using a Grazing Incidence Spectrometer (GIS)
equipped with a variable groove reflection grating of 1200
lines per millimeter, 25.5 µm entrance slit and 1300 × 400
pixels back-illuminated CCD camera (Princeton Instru-
ments). From the geometry of the spectrometer and the grat-
ing used, the inverse relative bandwidth of the spectrome-
ter was estimated to be λ

�λ
≈ 585 and at 13.84 nm wave-

length the spectral resolution of the spectrometer was equal
to 0.24 Å.

The GIS was attached to the source equipped with MLM.
Its spectral range was between 6 and 22 nm. The spectra
were accumulated over 30 EUV pulses (3 s at 10 Hz repeti-
tion rate). For all spectra the background images were sub-
tracted and the spectra were binned vertically. Then the peak
intensity was found at the interesting 13.84 nm line and the
results were normalized. The change of the timing parame-
ters TD1, TD2 and PW from the optimum values results in
an intensity change of the 13.84 nm Ar line. This can be
observed in Fig. 6. The error bars in each measurement cor-
respond to a ∼3.7% standard deviation based on ten spectral
measurements.

Comparing to Fig. 5, the shape of the curves is similar. As
before the strongest dependence occurs for the TD1 delay;
however, the highest intensity in the 13.84 nm Ar line is ob-
tained for a slightly different combination of the three time
delays: TD1 = 440 µs, PW = 450 µs and TD2 = 580 µs.
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Fig. 6 Normalized intensity as a result of nozzle timing optimization
for a maximum intensity in the 13.84 nm Ar line

Fig. 7 Schematic of the experimental arrangement for spectral mea-
surements with and w/o the MLM collector

3.2 Spectral distributions of the EUV radiation

The spectral measurements were carried out using the spec-
trometer described in Sect. 3.1. Both spectra: of the source
equipped with a MLM collector and the Ar spectrum were
obtained. The scheme of the experimental arrangement is
depicted in Fig. 7. To avoid saturation of the 15-bit CCD
camera saturation, 8 EUV pulses were necessary to accumu-
late the Ar spectrum shown in Fig. 8a, b as a dashed line. The
spectrum with the MLM employed—solid line, required
30 EUV pulses to accumulate sufficient number of photons.
In both measurements the background images were acquired
and then subtracted from the spectral measurements in order
to minimize the CCD internal noise influence on the mea-
surements. Figure 8a shows both spectra normalized to their
peak intensities. Most visible lines were recognized accord-
ing to [19] and the spectrometer was calibrated by fitting a

Fig. 8 Spectral measurements of the Ar plasma emission with and
without the use of the MLM. Both spectra were normalized (a) and
most pronounced spectral lines were found. Both spectra are shown
“in scale”, (b) and (c) show the spectrum of the Ar plasma obtained
using the GIS spectrograph

second-order polynomial curve to translate the pixel value
of the CCD to the wavelength. Based on 8 data points, the
fitting polynomial was a parabolic function described by the
equation y = 2.15 × 10−6 · x2 + 9.23 × 10−3 · x + 6.18,
where the y-value is the wavelength expressed in [nm] while
x is the horizontal CCD pixel. The correlation with the data
points was practically equal to one. Using the MLM re-
flection curve obtained by simulating the multi-layer Mo/Si
stack with the parameters described in Sect. 2, both spec-
tra “in scale” are depicted in Fig. 8b—the solid and dashed
lines. The MLM reflection curve is depicted as a dotted
line. The most interesting lines in Ar VIII are the transi-
tions 2p63p–2p65d at 13.793 nm and 2p63s–2p65p shifted
slightly to the longer wavelength at 13.844 nm. Since there
is 0.51 Å spectral separation between these lines, the spec-
trometer can resolve them. However, this was not possible
for the 2p63s–2p64p J–J 1/2–3/2 (15.892 nm) and 1/2–1/2
(15.918 nm) transitions separated by 0.26 Å only. This is
the reason why this “double” line dominates the spectrum
obtained. A more detailed view of the spectral emission
from the EUV source equipped with a MLM in the range
of wavelengths from 10–20 nm is shown in Fig. 9. Despite
of a very small reflectivity of the MLM outside its operat-
ing wavelength range (only a few %), very strong emission
lines around 16 and 18 nm are still slightly visible. So to fur-
ther limit the contribution of these weak lines to the emis-
sion spectrum, a 141-nm thick Zr filter was used—dotted
line. The result of the filtration is shown as a dashed line
in Fig. 9. The inset plot shows in detail the two lines, men-
tioned above, which are of interest from the point of view
of this paper. The relative inverse bandwidth of the filtered
emission, shown in Fig. 9, was measured to be λ

�λ
≈ 140.
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Fig. 9 Detailed view of the spectral emission from the EUV source
equipped with a MLM in the wavelength range from 10–20 nm. To
further limit the influence of small contribution to the emission spec-
trum from weaker lines outside 13–14 nm, a 141-nm thick Zr filter was
used—dotted line. The result of the filtration is shown as a dashed line

For the 13.84 nm wavelength, the FWHM �λ was equal to

∼1 Å. This corresponds to a coherence length of lc = λ2

�λ
=

1.94 µm.

3.3 MLM focal spot imaging with pinhole camera

Additionally, the focal spot of the EUV source was stud-
ied. The imaging was performed using a 200-nm thick Zr
foil placed near the focus of the MLM collector. The posi-
tion of the Zr foil was adjusted using a Standa FL42STH33
step motor with 1.25-µm step size and 13-mm travel dis-
tance. The foil acts as a screen necessary to scatter the quasi-
monochromatic EUV radiation. A pinhole camera with a
32-µm diameter laser drilled pinhole was used for acquir-
ing the focal spot images. The object and image distances
were equal to 121 and 209 mm, respectively, resulting in
the lateral magnification equal to ∼1.73. As a detector
a back-illuminated CCD camera was employed, X-Vision
M25 from REFLEX s.r.o., Czech Republic. The camera was
equipped with a 0.5 × 0.5 inch2, 512 × 512 pixels chip hav-
ing 24.8-µm square pixels, but its resolution defined as the
convolution between the geometrical shadowing and the di-
ameter of the main Fraunhofer diffraction peak, discussed
in detail in [20], was estimated to be 118 µm. The schematic
description of the setup is shown in Fig. 10. The normal in-
cidence rays that affect the intensity distribution were elimi-
nated using a 20-mm diameter beam block installed between
the collector and the Zr foil 76 mm away from the collec-
tor. An exposure of 200 shots (20 seconds) was necessary
to obtain the intensity distribution near the focal plane of

Fig. 10 Schematic of the experimental arrangement for multi-layer
mirror focal spot imaging employing a pinhole camera

Fig. 11 Intensity distributions near the focal plane of the MLM col-
lector (a–f) acquired at −3, −2, −1, 0, 1, and 2 mm, respectively

the MLM collector. A few examples of the intensity distri-
butions near the focal plane, shown in Fig. 11(a–f), were
acquired at the Zr foil positions −3, −2, −1, 0, 1 and 2 mm,
respectively. Figure 12 shows the results of the focal spot
size calculations from the image data. The diameters in the
two orthogonal directions x and y, corresponding to p and
s planes, respectively, were measured at FWHM for each
intensity distribution and the FWHM spot area was calcu-
lated. The focal spot is elliptical with a ratio of the major
and minor axes equal to 2.8 at the location of the smallest
spot. This location (z = 0 mm) was assumed to be the focal
plane of the MLM. The major and minor axes of the ellipse-
shaped focal spot were measured to be equal to 1090 µm and
390 µm, respectively.

3.4 Mirror enhancement factor measurements

The mirror enhancement factor measures the ratio of the en-
ergy densities obtained with and without the multi-layer col-
lector. The scheme of the experimental setup used to mea-
sure the MLM enhancement factor is shown in Fig. 13.
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Fig. 12 Focal spot diameters in orthogonal directions and the focal
spot area measured at different planes near the focal plane of the MLM
collector

Fig. 13 Schematic of the experimental arrangement for the MLM en-
hancement factor measurements

The enhancement in the energy density using the MLM
comes from the fact that this optic focuses the light into
∼1 × 0.4 mm2 spot as compared to the planar mirror PM
which does not change the incident wavefront. Planar and
ellipsoidal mirrors were used to direct the EUV light onto
the detector. It was assumed that the reflectivities of both
mirrors are equal.

If the total number of photons emitted in the 13–14 nm
wavelength range from the source, uniformly into 4π solid
angle, is equal to N0 then for the MLM the photon density
at the detector plane can be calculated as:

Ne = χ
N0 · Ωe · RMLM

4πSe

(1)

where Ωe = SMLM
r2
m

is the solid angle subtended by the MLM,

rm is the distance between the MLM and the nozzle, SMLM is
the area of the mirror as seen from the nozzle plane, RMLM is

the MLM reflectivity and Se is the focal spot size of the
MLM. If there are no obstacles between the MLM and the
plasma, the χ -factor defining the “shadowing” effect of the
plasma onto the MLM is equal to 1. Due to the extended
size of the plasma and the 1.06 mm diameter pinhole used
for differential pumping and placed 4 mm away from the
plasma, our simulations estimate χ to be 0.504. This means
that the horizontally elongated plasma projected onto a ver-
tically elongated mirror (as seen from the nozzle plane for
the circular MLM at 45° incidence angle) is clipped by the
mirror and only 50.4% of the photons are focused by the
MLM.

For the PM the photon density at the detector plane can
be similarly expressed as:

Np = N0 · Ωp · RPM

4πSd

(2)

where Ωp = Sd

(rm+rd )2 is the solid angle subtended the PM,
rd is the distance between the PM and the detector, Sd is the
detector area and RPM is the reflectivity of the PM. In this
case, the solid angle subtended by the detector Ωp is small
compared to Ωe and the size of the pumping pinhole does
not influence the number of photons collected by the detec-
tor, hence χ = 1. Calculating the ratio of energy densities,
one can find the theoretical mirror enhancement factor:

ηt = Ne

Np

= χ
Ωe · RMLM · Sd

Ωp · RPM · Se

. (3)

To assess the enhancement factor experimentally, the AXUV
detector was used again and the number of photons per laser
shot was measured for the MLM and the PM in place. The
experimental enhancement factor can be then expressed as:

ηe = Nme · Sd

Nmp · Se

(4)

where Nme, Nmp are the numbers of photons measured for
the MLM and the PM respectively.

Both mirrors studied were placed at 45° incidence angle
and rm = 254 mm from the gas nozzle. The AXUV 100 de-
tector was positioned at the distance rd = 280.7 mm from
the center of the MLM/PM mirrors. For the PM the entire
detector area is exposed to the EUV radiation in the wave-
length range 13–14 nm, while for the MLM this distance
assures that the detector is not exactly at the focus of the
mirror, however it still collects all the focused EUV light.
From the geometry, the spot size on the detector placed
26.7 mm downstream the focal plane was calculated to be
4.2 × 2.9 mm2.

It was assumed that both mirrors have the same reflec-
tivity RMLM = RPM. The area of the MLM placed at 45°
incident angle is an ellipse SMLM = π · a · b, a = 40 mm,
b = a · cos(π/4) = 28.3 mm. From Sect. 3.3, the focal
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spot size was imaged using a pinhole camera and it was
found that it is an ellipse with major and minor axes equal
to d1 = 1.09 mm and d2 = 0.39 mm, respectively, lead-
ing to the focal spot size Se = 0.25π · d1 · d2. The num-
ber of photons per laser shot was statistically calculated
based on ten consecutive measurements. At the optimized
timing parameters, as discussed in Sect. 3.1, it was found
that the number of photons/shot employing MLM and PM
is equal to (8.8 ± 0.5) × 1010 and (1.4 ± 0.1) × 109 re-
spectively. Moreover, the pinhole camera resolution was es-
timated to be equal to ∼120 µm that affects the focal spot
area equal to Se = 0.36 ± 0.11 mm2 and the error in the
detector size measurement of 20 µm leading to the detec-
tor area Sd = 100.0 ± 0.4 mm2. Based on an error analy-
sis, the statistical σ error was estimated from these mea-
surements. The enhancement factor was calculated to be
ηe = (1.9 ± 0.6) × 104 while the theoretical enhancement
factor was equal to ηt = 2.4 × 104. The error between the
measurements, expressed as ηt−ηe

ηt
, is equal to 19.4%. The

most probable explanation of the discrepancy between the
measured and theoretical values is a ∼30-nm thick carbon
layer, deposited on the MLM due to the many hundreds of
hours of operation and multiple pumping/venting cycles re-
ducing the reflectivity of the MLM by the factor equal to the
error quoted above.

The photon density at the detector plane per laser
shot is for the MLM equal to 2.6 × 1013 photons/cm2

or ∼0.4 mJ/cm2, while for the planar mirror 1.4 ×
109 photons/cm2 or 19.7 nJ/cm2 are obtained. Enhance-
ment of the energy density obtained by employing the MLM
as a spectral selector and an efficient collector is significant
from the practical point of view. For example, considering
a common PMMA (polymethyl methacrylate) photoresist,

its sensitivity is low and requires >500 mJ/cm2 at 248 nm
in the visible and ∼1–2 J/cm2 at 8.3 Å in the hard X-ray re-
gion [21]. However, the sensitivity increases significantly in
the EUV region and at 13.4 nm wavelength it was estimated
by Junarsa et al. [22] to be equal to ∼38 mJ/cm2. Thus
employing this EUV source, it is expected that the expo-
sure of ∼100 shots or 10 seconds is sufficient to achieve the
dose required for PMMA to activate the photoresist, keeping
in mind that the inverse relative bandwidth of the emission
equals 140.

4 Summary and conclusions

A detailed study of the Ar-based gas-puff target source
is presented. The source is capable of emitting quasi-
monochromatic radiation at 13.8 nm wavelength. The source
timing optimization, the energy as well as the spectral and
spatial distributions of the radiation emitted from the source,
and the MLM enhancement factor are studied in detail. Pulse

energies up to ∼1.3 µJ/pulse at 10 Hz repetition rate are
measured. Spectral measurements reveal the inverse relative
bandwidth of λ/�λ ∼ 140. This debris-free gas-puff source
has the potential to be used in imaging using diffractive op-
tics, in metrology and even actinic mask inspection due to
its emission near 13.5 nm wavelength. The energy density of
the source of ∼0.4 mJ/cm2 offers the possibility to employ
it in lithography.
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