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Abstract

We present spectral emission characteristics from laser-plasma EUV/SXR sources produced by irradiation
of < 1] energy laser pulse on eleven different double stream gas puff targets, with most intense electronic
transitions identified in the spectral range from 1 nm to 70 nm wavelength which corresponds to photon
energy from 18 eV to 1240 eV. The spectra were obtained using grazing incidence and transmission spectro-
graphs from laser-produced plasma emission, formed by the interaction of a laser beam with a double stream
gas puff target. Laser pulses with a duration of 4 ns and energy of 650 mJ were used for the experiment. We
present the results obtained from three different spectrometers in the wavelength ranges of SXR (1-5.5 nm),
SXR/EUV (4-15.5 nm), and EUV (10-70 nm). In this paper, detailed information about the source, gas
targets under investigation, the experimental setup, spectral measurements and the results are presented and
discussed. Such data may be useful for the identification of adequate spectral emissions from gasses in the
EUYV and SXR wavelength ranges dedicated to various experiments (i.e. broadband emission for the X-ray
coherence tomography XCT) or may be used for verification of magnetohydrodynamic plasma codes.
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1. Introduction

The wavelengths in the range from ~0.1 nm to 10 nm of the electromagnetic spectrum, which
corresponds to the energy range from ~120 eV to 12 keV, are defined as soft X-rays (SXR).
Electromagnetic radiation with a wavelength from 10 nm to ~120 nm (photon energy ranges
from 10-120 eV) is termed Extreme Ultra-Violet (EUV) [1]. Such radiations used in various
applications are mainly produced using electric discharge tubes [2], capillary discharge lasers [3,
4] synchrotrons [5, 6], and laser-produced plasma (LPP) sources [7] including photoionization
UV and EUV sources [8]. The LPP sources are based on creating plasma on a target by irradiating
it with high energy laser pulses. Typically, solid [9, 10], liquid [11, 12], or gas puft [13, 14] are
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used as targets for LPP sources. LPP sources are especially used in the development of EUV
lithographic applications in high volume semiconductor manufacturing [15, 16].

One of recent developments in tabletop laser-plasma X-ray sources is based on double stream
gas puff targets. A significant increase in EUV emission from double gas puff targets compared
to that from single gas puff targets in similar laser and backing gas pressure conditions were
successfully demonstrated [17]. While gas puff targets pose no problem with fragmented target
debris which can damage or contaminate optics, as in the case of solid targets, their intensity of
emissions is typically lower than that of solid or liquid targets. They have a significant advantage in
terms of high repetition rates which can compensate for the lower emission in many applications.
Numerous applications have been developed using this setup of double stream gas puff targets,
including microscopy [18, 19], near-edge X-ray absorption fine structure (NEXAFS) spectroscopy
[20], radiography [21] and surface processing of polymers [22]. Recently, a nanometre axial
resolution X-ray coherence tomography (XCT) has been demonstrated using a double gas puff
target (DGPT)-based laser-plasma X-ray source [23]. In a DGPT arrangement, an inner gas stream
is surrounded by an outer gas stream with a very low atomic number element at a high pressure,
which confines the flow of the inner gas and decreases its density gradient in the direction of the
nozzle axis, Fig. 1a. This increases the target density in the laser-gas interaction region. There is
a significant interest in maximizing output from laser-produced plasmas in different wavelength
ranges meant for specific applications [24-26].
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Fig. 1. Scheme of the double stream gas puff target (a), the experimental setup for EUV/SXR spectroscopic measurements
(b), the scheme of grazing incidence spectrometer (c), and transmission grating spectrometer (d).

In the present work, wideband spectral emission measurements from such a laser-produced
plasma source based on double stream gas puff target are reported. We examine the EUV/SXR
radiation from eleven gases including gas mixtures in the wavelength range from 1 to 70 nm.
We investigate spectral signatures of six elemental gases which are Ar, Ne, Kr, Xe, Oy, and N,
compound gases namely SFg, CO,, and mixtures of gases which are Ar:N,:0,, CH4:CO;:N>, and
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Kr:Xe. Emissions from compound gases originate from the electronic transitions of constituent
elements. This is advantageous in terms of investigating elements that are solids in their elemental
form. Three different spectrometers with three different wavelength ranges were employed in the
experiments. Spectra for each gas target are presented.

The presented work provides an initial qualitative description of spectral emission observed
in double gas puff targets from eleven different gases. It provides a description of maximum
ionization levels possible using double gas puff targets at the specific laser intensity and gas target
conditions. The spectral emission reported in the work is not optimized for each wavelength
range and application. Instead, it is a qualitative study that can provide insight into the emission
properties of the double gas puff target in the spectral region mentioned.

The EUV/SXR range of the electromagnetic spectrum is an increasingly important research
area and is more accessible due to advancements in compact sources and more efficient X-ray
optics. Soft X-rays also include the “water-window” region (1 = 2.3 nm—4.4 nm) in which
water has a relatively low absorption coefficient, comparing to carbon. This property makes this
wavelength range applicable to high-resolution imaging of biological samples [27]. Additionally,
broadband sources are useful due to higher photon yield for i.e. contact microscopy [28, 29], or
for the capability of adjusting the coherence length for X-ray coherence tomography (XCT) [30].
Moreover, spectroscopic studies in the EUV and SXR regions have attracted significant attention
due to the wider scope they provide in understanding the electronic transitions and inner atomic
structure of elements especially with higher atomic numbers through, i.e. the photoionization
processes [31]. Characterization of plasma emissions in the EUV and SXR regions is extremely
important in terms of development of applications based on these radiations. Additionally, another
potential application of this work is modelling the LPP sources using magnetohydrodynamic
codes.

2. Experimental data

2.1. Experimental setup

The experimental setup for the investigation of spectral emissions from an LPP source, with
various gasses as targets, is depicted in Fig. 1b. The main components of the system are a pumping
laser, a double stream gas puff target produced by an electromagnetic valve system positioned
inside a vacuum chamber maintained at 10> mbar and three spectrometers for different EUV/SXR
wavelength regions.

The pumping laser used in the experiment is an Nd: YAG laser (EKSPLA, NL303HT, Lithua-
nia) which operates at 1064 nm wavelength. The generated laser pulse has a duration of 4 ns and
an energy of 650 mJ with a repetition rate of 10 Hz. The laser is focused on the gas puff target
using a lens of 25 mm focal distance. The position of the focusing lens was adjusted in such a way
so as to focus the laser pulses on the axis of the nozzle producing the target and ~1.3 mm away
from the nozzle itself, as shown in Fig. 1a. The interaction of the laser pulses with a double stream
gas puff target transfers the pulse energy to the gas puff target to create laser plasma. The degree
of ionization of investigated gases is proportional to the power density of the pumping, which for
a 10 mm diameter laser beam, illuminating a 1/2 inch diameter lens that produces a focal spot of
~0.1 mm in diameter, is equal to 2.1 x 10'> W/cm?.

A specially designed double nozzle provides the concentric double gas stream. The round
inner nozzle has a diameter of 0.4 mm and the surrounding ring-shaped nozzle has an inner
diameter of 0.7 mm and an outer diameter of 1.5 mm. The whole chamber is maintained at a high
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vacuum to eliminate other atmospheric gases and to reduce the absorption of generated EUV
and SXR radiation by residual gases which could affect the results. Various gasses were injected
through the inner nozzle as working gas targets, while a confining gas was pulsed through the
outer nozzle. Helium was used as the confining gas in the experiment as it does not have significant
absorption in the EUV/SXR range. It is supplied at 6 bar pressure which confines the investigated
gas supplied at 5 bar pressure.

The laser plasma source optimization procedures were done at various levels. Laser beam
focusing was located on the axis of the nozzle, ~1.3 mm above it, to prevent damage from high-
temperature plasma. The position of the nozzle in the horizontal plane was also adjusted to obtain
maximum fluence on the spectrometer’s entrance slit. Optimal supply pressures for both gases
were also found out to produce a maximum density of working gas in the interaction region
which, in turn, produces high fluence. The optimization of synchronization of valve control with
respect to the arrival of the laser pulse is necessary to introduce maximum (optimal) emission
from plasma in each wavelength range. More details about the EUV/SXR LPP source and its
optimization can be found in [32].

In this experiment, three different spectrometers were used for measuring the EUV and SXR
output emitted from plasma in the direction perpendicular to the nozzle axis and the direction of
the pumping laser beam. A grazing incidence spectrometer (GIS) with an entrance slit width of
12 pm and a diffraction grating with 2400 1/mm line density is used to measure the SXR radiation
in the wavelength range from 1 to 5.5 nm. The diagram of the spectrometer was shown in Fig. 1c.
For spectral recording, a back-illuminated CCD camera was used (GE 2048 2048BI, greateyes
GmbH, Germany), with 13 x 13 pum? pixel size and a 2 kx2 k chip and was cooled down to
—20 °C during acquisition.

In the wavelength range from 4 to 15.5 nm (called EUV 1), a transmission grating spectrometer
(TGS), with its diagram shown in Fig. 1d, was employed, with an entrance slit of 30 um and
5000 I/mm diffraction grating. For data recording, a back-illuminated CCD camera was used
(DO934N BN, Andor, UK), with 13 x 13 pum? pixel size and a 1 kx1 k chip and was cooled down
to 0 °C during acquisition.

Finally, to measure the spectra in the wavelength range from 10 to 70 nm (called EUV II),
a GIS was used, with an entrance slit of 25 um and diffraction grating with a density of 450 1I/mm.
In this case, for data recording a back-illuminated CCD camera was used (PIXIS:400, Princeton
Instruments, USA), with 20 x 20 umz pixel size and 1340 x 400 chip, and was cooled down to
—20 °C during acquisition.

To measure the intensity of spectral lines the selected region along the dispersion direction is
integrated over many CCD lines to get a clear spectral line plot with a higher signal to noise ratio.
For the SXR spectrometer, 250 CCD lines are averaged to get spectral line intensity. For EUV
I and EUV II spectrometers 90 and 20 CCD lines, respectively, are averaged to obtain spectral
line plot.

2.2. Spectrometer calibration

The calibration of spectrometers is one of the major steps in the experiment. Since three
different spectrometers were used, each one of them was calibrated individually, according to
its characteristics. Isolated characteristic emission lines from different elements were used for
the calibration of the spectrometers. The details of such characteristic emission lines were found
using various databases [33, 34]. The mapping of the pixel number of the camera to the wave-
length was done by fitting a second-degree polynomial function to minimize the R-square factor.
Using the calibration lines identified in the spectral data, a polynomial fit that maps every pixel
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in the dispersion direction to the corresponding wavelength was performed. The spectrometer
calibration data is indicated in Table 1. All the fits were found to have fit values with the R? factor
approaching 1.

Table 1. Calibration data of the spectrometers *

SXR spectrometer, A = 1-5 nm, GIS, resolving power E/AE = 855

Pixel Position 740 948 1034 1078 1221 1846 1858
Wavelength (nm) 1.680 2.160 2377 2.489 2.879 4.873 4918
Spectral line F-VIII O-VII N-VI N-VI N-VI Ar-IX Ar-IX
Fitting A =0.4145 + 0.0012x + 6.3805E — 7x2,1 -R2 = 1.7 - 107©
EUYV I spectrometer, 2 = 4—15.5 nm, TGS, resolving power E/AE = 491
Pixel Position 33 81 256 373 460 576 613 743 940
Wavelength(nm) | 4.743 | 5295 | 7.266 | 8582 | 9.578 | 10.905 | 11.294 | 12.78 15.00
Spectral line S-IX | SVII | SVII | FVI | FVI F-VI F-VII F-VII 0O-VI
Fitting A=43611+0.0113x-9.12E-8x2,1 -R2=2.9-107°
EUV II spectrometer, 2 = 10-70 nm, GIS, resolving power E/AE = 772
Pixel Position 164 203 223 315 398 438 902 1046 1187
Wavelength(nm) | 14.03 1580 | 16.69 | 2093 | 2477 | 26.63 | 48.75 55.83 62.79
Spectral line N-V N-V N-V N-V N-V N-V | N-V [II] | N-V [III] | N-V [III]
Fitting A=6.6176 +0.0447x + 2.18E — 6x>, 1 —R? = 8.3 - 107’

*wavelengths and spectral lines are from the NIST database [33].

Considering the isolated lines and measuring their FWHM, the maximum resolving powers
of the spectrometers were estimated. The maximum resolution for the SXR (GIS) spectrometer
was E/AE = 855, taking into account a line at 2 = 4.874 nm of Ar ions, with an FWHM of
0.0057 nm, for the EUV I spectrometer (TGS) as E/AE = 491, taking into account a Ne line at
A =7.865 nm, with an FWHM of 0.0160 nm, and for EUV II spectrometer (GIS) E/AE = 772,
taking into account another Ar line at A = 56.6 nm, with an FWHM of 0.0733 nm. The calibration
data for all the spectrometers and lines used for the calibration are listed in Table 1.

3. Spectroscopic measurements

The spectral results in the range of wavelengths from 1 to 70 nm, obtained using three
spectrometers for eleven gases are presented herein. Transition wavelengths were identified using
the National Institute of Standards and Technology (NIST) database [33]. The most intense lines
and bands (transition arrays) are identified in every spectrum. In Figs. 2—-12, we labelled the
most intense lines by their reference wavelength obtained from the NIST spectral database with
corresponding observed (calibrated) wavelengths in the parenthesis. The diffraction order other
than the first one is indicated in the square brackets. In all the results shown below, emissions
from the SXR and EUV I spectral ranges are depicted in Fig. a, b respectively. The emission
data from the EUV II range (10-70 nm) is divided into two separate plots in the range of 10—
32 nm and 30-70 nm and shown in Fig. c, d, respectively, for better identification and visibility
of lines in the wider spectral range. The range of the spectrometers was chosen to have an
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overlapped spectral region. This is done intentionally for better calibration of spectrometers. In
the three spectrometers, the overlapping wavelength ranges are from 4 nm to 5.5 nm and from
10 nm to 15.5 nm. Two sets of data, from different spectrometers, are available in this range for
spectral alignment and possible spectral stitching. Due to previously measured AA values for each
spectrometer, the spectral measurements in Figs. 2—12 were provided with 0.01 nm accuracy for
the SXR spectrometer and 0.1 nm for both EUV spectrometers.

3.1. Atomic and molecular gases

Spectral emissions from the nitrogen gas puff target in the EUV/SXR range are shown in
Fig. 2a—d. Nitrogen (Z = 7) has a few narrow spectral lines corresponding to N-VI ionization
in the SXR range, as seen in Fig. 2a, which can be typically used for high-resolution X-ray
microscopy in the “water-window” [19]. The lines identified are transitions between 1s> and 1s
(2 to S)p energy levels and the prominent line in the group is at 2.88 nm related to 1s>—1s2p
transition. In the EUV I range as shown in Fig. 2b we did not detect any lines except second-order
diffraction corresponding to N-VI ionization (1 = 2.8787 nm) line at 4 = 5.7 nm. In the EUV II
range, we identified several spectral lines corresponding to N-III to N-V ionization levels with their
third diffraction orders which are depicted in Fig. 2c, d. In the N-V (Li Like) ionization stage, we
identified nine prominent lines which are the transitions between energy levels of configurations
1s? 2s—1s2 (3 to 6)p, 15 2p—1s? 3s and 15> 2p—1s? (3 to 6)d.
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Fig. 2. Nitrogen spectra in the wavelength range of: a) 1-5 nm, b) 4-15 nm, c¢) 10-32 nm, and d) 30-70 nm.

The spectral emissions from oxygen (Z = 8) gas puff target are depicted in Fig. 3a—d. As
oxygen is a low atomic number element, we identified only one significant emission line in the
SXR range at 2.16 nm corresponding to O-VII ion transition between 1s” — 1s 2p configurations.
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In the EUV I range, the detected emission lines are from O-VI ionization level, and in the
EUV II range, several emission lines corresponding to O-V and O-VI ionization levels and their
third diffraction orders were detected. Significant lines detected in the EUV II range are 1s?2s—
152 3p, 1s> 2p—1s% 3s and 1s? 2p— 1s? (3 to 5)d corresponding to O-VI ionisations stages and two
transitions between 1s> 2s 2p— 1s? 2s (3,4)d configuration levels corresponding to O-V ionization
stage. Since the oxygen has a low atomic number, we could see that the emissions occurred mostly

in single and isolated lines.
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Fig. 3. Oxygen spectra in the wavelength range of: a) 1-5 nm, b) 4-15 nm, ¢) 10-32 nm, and d) 30-70 nm.

The spectral emission from the neon (Z = 10) gas puff target is depicted in Fig. 4a—d.
According to the NIST database, the emission in the 1-5 nm spectral range can originate from
Ne-VIII (4 = 1.16 nm to 1.38 nm and 1.42 nm) and from Ne-VII (1 = 1.38 nm to 1.39 nm) ions,
however, at the achievable power density, these transitions could not be excited. We did not detect
any significant emission lines for neon plasma in the SXR region, as Fig. 4a shows instrumental
noise only. In the EUV I range we identified several lines related to Ne-VII and Ne-VIII ionization
levels though the intensities were much lower. The identified prominent lines related to the
Ne-VIII ionization stage transitions are between the levels 1s> 2p—1s%4s, 1s?2p—1s? (3to 6)d,
1s22s—1s? (3to 5)p and 1s 2s 2p — 1s 2p 3d. With Ne-VII ionization stage in the EUV I range we
identified two prominent lines related to the electron configuration levels1s® 2s 2p — 1s2 2s 3d and
1s? 2p> —1s22p3d. In the EUV II spectral range, we identified several emission lines related
to Ne-V to Ne-VIII ionization levels especially in the range of 10—20 nm. The emission lines
depicted in Fig. 4d are just higher diffraction orders of the lines found in Fig. 4c.

The spectra obtained from the argon (Z = 18) are depicted in Fig. Sa—d. We can see the
characteristic high-intensity lines of Ar-IX (database wavelengths: 4.87381 nm and 4.91848 nm)
which are also used for the calibration of the spectrometer in the SXR range. We could detect
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Fig. 4. Neon spectra in the wavelength range of: a) 1-5 nm, b) 4-15 nm, ¢) 10-32 nm, and d) 30-70 nm.
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Fig. 5. Argon spectra in the wavelength range of: a) 1-5 nm, b) 4-15 nm, c¢) 10-32 nm, and d) 30-70 nm.

significant emission in the “water window” region between 2.33 and 4.40 nm which can be used
in the imaging of organic materials using contact microscopy approach. We were able to identify
emissions from Ar-IX to Ar-XI ionization levels in this range. The main lines identified corre-
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sponding to Ar-IX ionization stages are transitions between energy levels 2s” 2p% —2s? 2p> 3s and
252 2p®—2s22p° 3d, and from Ar-X ionization stages are transition between 25 2p> —2s” 2p* 4s
and 2s? 2p’ —2s2 2p* (3d to 5d). Related to Ar-XI ionization stage, the prominent lines identified
are electron transitions between levels 2s? 2p* —2s? 2p? (3s,3d). In the EUV I range, due to lower
resolution, we identified the above mentioned two characteristic lines merged as one peak at
A = 4.887 nm. In that range, we identified emissions from Ar-VII, Ar-VIII and Ar-IX ionization
levels. In the EUV 1II range, we were able to detect emissions from Ar-VII to Ar-X ionization
levels mostly in the range 12-20 nm. Furthermore, we detected only the third diffraction order of
the mentioned lines which are labelled in Fig. 5d.

The spectra obtained from the krypton (Z = 36) gas target are provided in Fig. 6a—d. From
the spectra, we found out that krypton produces a very broad emission band in the range of 3 to
20 nm. It is attributed to its higher atomic number and a larger number of possible transitions.
With higher atomic numbers, the complexity of electronic sublevels increases and electronic
levels are more a band-like structure, so-called transition arrays. In our experiment, we were able
to identify several transition arrays, though beyond 20 nm some isolated spectral lines are also
visible.
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Fig. 6. Krypton spectra in the wavelength range of: a) 1-5 nm, b) 4-15 nm, c¢) 10-32 nm, and d) 3070 nm.

In the SXR range, we identified bands corresponding to Kr-XI to Kr-XVIII ionization levels.
In the EUV I range we identified spectral bands related to Kr-X to Kr-XIII ionization levels
and in the EUV II range, we identified spectral lines on the top of a spectral band related to
Kr-VIII and Kr-IX. The spectral characteristics around 12—-15 nm are not clearly visible using
the EUV I spectrometer but are more visible in the EUV II spectrometer results. The reason for
this is due to the high difference in intensities. By analyzing the data from the mentioned region
and plotting it separately, we were able to identify and match the data from both spectrometers.
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Such broadband emission from Kr plasma in the SXR range was already employed in NEXAFS
[20] and XCT [23] experiments. The results of a spectral investigation of the xenon gas (Z = 54)
target are depicted in Fig. 7a—d. As expected from the previous investigations, xenon gas, due to
a much higher atomic number, has the widest broadband emission compared to all other gases
investigated in the experiment. Using the NIST database, we identified the spectral emission
bands which are corresponding to the Xe ionization levels from Xe-XXVI and Xe-XXIX in the
SXR range. In the EUV I range, we could identify a spectral band from 8 to 11 nm with high
intensity which corresponds to Xe-VIII to Xe-X ionization levels. In the EUV II range, we could
identify another broadband emission with high intensity from 14 to 20 nm. Due to the significant
presence of third diffraction order and since Xe has a broader emission band we were able to
detect significant signal in the region 30-70 nm which is depicted in Fig. 7d. The broadband
emission from xenon makes it feasible for applications like the XCT in the EUV range. Since
the spectrum is quasi-continuous, the identification of individual transition levels is extremely
difficult.

10000 - " X
Xe xxix Xe XXvI
P S S S S ST S S AT ST S N S A S T T S S T ST SN NN T SO ST SO HNT SO SO SR S | PRI

intensity [arb.u]

Xe X ——» A

d)
15000

B < Xe Vi[i]
10000 [~
5000

30 35 40 45 50 55 60 65 70
wavelength [nm]

Fig. 7. Xenon spectra in the wavelength range of: a) 1-5 nm, b) 4-15 nm, c¢) 10-32 nm, and d) 30-70 nm.

3.2. Compound gases

Experimental results for carbon dioxide gas (C-Z = 6, O—Z = 8) as gas puff target are
presented in Fig. 8a—d. In the SXR range, several bright carbon lines are detected. We identified
emission lines related to C-V (1s>—1s (2-4)p) and C-VI (1s—2,3p) ionization levels. It can be
noticed that the C-V lines are significantly stronger than the C-VI lines. Also, the characteristic
O-VII line at 2.16 nm can be noticed in the SXR range. In the EUV I range, we identified
emissions related to C-V, C-VI, and O-VI ionization levels. In the EUV II range, we identified
the emission from O-V and O-VI ionization levels and their third diffraction orders but could not
detect significant emission from carbon.
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Fig. 8. CO, spectra in the wavelength range of: a) 1-5 nm, b) 4-15 nm, ¢) 10-32 nm, and d) 30-70 nm.

Emission from a compound gas SFe (S-Z = 16 and F-Z = 9) was analyzed using our
LPP source and is depicted in Fig. 9a-d. In the SXR range, we identified the characteristic flu-
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Fig. 9. SF¢ spectra in the wavelength range of: a) 1-5 nm, b) 4-15 nm, ¢) 10-32 nm, and d) 30-70 nm.
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between configuration level 1s>— Is 2p, used by us in the spectrometer calibration for this range
as well as several lines related to the S-VIII to S-XI ionization levels. Prominent lines identi-
fied in this region include transitions between 2s” 2p* —2s? 2p? (3,4)d in S-IX ionization stage,
252 2p> —2s% 2p? 3d configurations in S-X ionization stage and 2s> 2p” —2s? 2p 3d configurations
in S-XI ionization stage.

We identified more sulfur lines than fluorine lines in the investigation of this compound since
lower atomic number atoms have fewer lines towards the SXR region. In the EUV I spectral
range emissions from F-VII and S-IX ionization levels were detected. Many fluorine transitions
between configurations 1s*2p—1s? (3-5)d and 1s22s— 1s? (3,5)p are identified related to F-VII
ionization stage. In the EUV II range, we identified several spectral lines from F-VI and F-VII
ionization levels and these are labelled in Fig. 9c.

3.3. Gas mixtures

Spectral emissions from a mixture of gases Kr:Xe (Kr—Z = 36 and Xe—Z = 54), in a volumet-
ric ratio of 9:1, in comparison with contribution from individual constituent gasses are depicted
in Fig. 10a—d. The main advantage of such a mixture is that it provides the spectral emissions of
Kr and Xe, both having broadband emissions in the investigated SXR and EUV spectral ranges.
In the SXR region, Kr emission dominates over the Xe emission, while in the EUV I range more
broadband emission in the wavelength range from 4 to 11 nm is observed which is the results of
complementary contributions of component gases. For comparison between the spectral emission
from individual gases and mixtures, the spectra from individual gases are also shown in Fig. 10.
A very intense peak related to Xe-XI ionization, at ~11 nm wavelength, is identified in the mixture
which is absent in the emission from individual Xe. The absence of a peak in an individual Xe
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Fig. 10. Kr:Xe (v/v 9:1) spectra in the wavelength range of: a) 1-5 nm, b) 4-15 nm, ¢) 10-32 nm, and d) 30-70 nm.
Individual Kr and Xe spectra are overlapped for comparison with the mixture emission.
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target is due to strong reabsorption of the line by the cold Xe outside the interaction region. In the
case of the Kr:Xe mixture the amount of reabsorbing Xe is much smaller due to the composition
of the mixture, thus this effect is reduced and emission in this region can be detected. It can also be
noticed from a comparison in the region 5.5 nm to 8.6 nm that the individual Xe emission slightly
dominates over the emission from the Kr:Xe mixture. The most intense arrays of transitions were
identified. In the EUV II range third diffraction order of the spectral band related to the 10 nm
band is detected and identified in Fig. 10d.

A mixture of methane, carbon dioxide, and nitrogen, (C-Z = 6, H-Z = 1, O-Z = 8, and
N-Z = 7) in equal proportions, was also investigated. The results of the investigation are shown
with a comparison of emissions from CO; alone in Fig. 11a—d. Apart from the characteristic lines
of oxygen and nitrogen in the SXR region, we also identified brighter carbon lines corresponding
to C-V and C-VL. In the EUV I region we were able to detect emission from C-VI, O-VI and
second diffraction order lines corresponding to N-VI and C-V ionization levels. In the EUV II
region, spectral lines corresponding to N-V and O-V to O-VI ionization levels are detected.
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Fig. 11. CH4: CO;: Ny (v/v 1:1:1) spectra in the wavelength range of: a) 1-5 nm, b) 4-15 nm, c¢) 10-32 nm, and
d) 30-70 nm. CO; gas spectra are overlapped for comparison with the mixture emission.

Results for emission from a mixture of argon, nitrogen, and oxygen (Ar—Z=18,0-Z=8, and
N-Z=7) in equal volumetric proportions with a comparison of emission from individual gases
are given in Fig. 12a—d. In the spectrum, almost all the lines which were previously attributed to
the individual gases were identified. The SXR spectral lines are predominantly from Ar-IX and
Ar-X ions in addition to characteristic lines from oxygen and nitrogen ions. In the EUV I region,
Ar-IX, Ar-VII, and O-VI lines were identified. In the EUV Il region, argon and oxygen emissions
are equally dominant in terms of intensity of lines though nitrogen emission is comparatively
weak. In this region, we identified lines corresponding to Ar-VII to Ar-IX, O-V, O-VI, and N-V
ionization states. A comparison between emissions from the individual gas target and mixed
gas targets in Fig. 12c provides insight into the peculiarities of their emissions. The O-VI line
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emission at 12.9 nm from individual O, gas is higher compared to that from its mixture, while
the O-VI line emissions from both mixed and individual O, gas targets at 17.3 nm have similar
intensity levels.
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Fig. 12. Ar: Np: Oy (v/v 1:1:1) spectra in the wavelength range of: a) 1-5 nm, b) 4-15 nm, ¢) 10-32 nm, and d) 30-70 nm.
Individual gas spectra of Ar, O,, and N are also overlapped for comparison with the mixture emission.

All the data presented in Figs. 2—12 are available in Excel format as a supplementary material.

4. Discussions and conclusions

The general nature of spectral plots in the 10-70 nm spectral range (EUV II spectrometer)
shows that more intense lines are seen towards the left side of the spectra (energies around 10—
20 nm) and are a consequence of the achievable power density (defined by the laser pulse energy,
pulse duration, and focal spot area) in this particular experiment.

The use of a mixture of gases as a target has several advantages. Mixing of gases with
characteristic spectral lines is one of the techniques for easier calibration of spectrometers in
the broader spectral range. For the optical coherence tomography applications, in which a broad
spectral emission band is required, emissions from component gases can be complimentary for
producing a broad emission band in the EUV or SXR range, dedicated to the XCT acquisitions. We
could see such bands in the mixture of Kr and Xe around the 8—12 nm wavelength range. Emission
from specific wavelength regions can be enhanced by proper optimization for that region. Mixing
of gases is also important to increase the fluence from spectral lines by taking advantage of Penning
ionization [35], hence one of the possible tasks for the future is to simulate and optimize the ratio of
the concentration of gases in mixtures to increase gas density while minimizing the reabsorption of
specific lines. Specifically, for X-ray coherent tomography applications, optimization of individual
gas concentrations in the mixture for a uniform broadband emission may provide better axial
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resolution. Such studies can also contribute to finding optimized mixtures for suppression of
particular wavelengths to produce quasi-monochromatic emissions which can be advantageous
in SXR microscopy and EUV lithography applications where highly narrowband emissions are
preferred.

DGPT-based laser plasma sources for the above-mentioned applications warrant very fine
adjustments to optimize the emission output in accordance with the applications and wavelength
range of significance. The results point to a need for a larger analysis of each ionization stage
of every gas and its use in order to characterize the source and generated plasma conditions for
each species. Optimization of laser energy to produce optimum plasma conditions for maximiz-
ing emission at specific wavelength ranges is also to be conducted according to requirements of
specific applications. Generally, low-Z number gases have very fine spectra composed of isolated
emission lines which are particularly suitable for experiments requiring quasi-monochromatic
spectrum (EUV/SXR microscopy, metrology, radiography for density estimation of gases, holog-
raphy), whereas higher atomic number gases which can emit broader spectra in these regions,
can be used for applications requiring polychromatic emissions such as NEXAFS, EXAFS, X-ray
coherence tomography or other applications for which the large number of photons is a priority,
e.g. contact microscopy. While the presented results give a qualitative analysis of the emission
spectra, they could also be used to simulate or optimize the emission for specific applications.

One of the most important applications of the results presented is characterization of plasma
parameters for different gas targets in laser-produced plasma experiments in a broad spectral
range. Since the plasma phenomenon occurs over a range of several nanoseconds, the acquired
spectra are a time-integrated spectral response. Different stages of ionization occur which emit
radiations from visible to SXR range during the laser pulse. To execute a structured and wider
analysis in terms of plasma parameters for each gas and each wavelength range, one should
engage at least in sub-ns time-resolved spectral studies and estimate the temperature and the
density separately, tracing those parameters as the plasma evolves in time. Such measurements
were already performed [36], but only for a single gas mixture and in the limited spectral range.

However, overall time-integrated estimations for plasma parameters can still be evaluated. By
analyzing relative intensities using Boltzmann plots [37] for different ions such as N-VI, C-VI,
C-V, in the SXR range and O-VI and N-V in the EUV range, we were able to approximately
estimate electron temperature ranging from 90 eV to 110 eV in the SXR range and 37 eV to 52 eV
in the EUV range. We found that the estimated values were in accordance with the simulations
performed using the Z* code [38]. Using FLYCHK simulation software we also found relations
between electron temperature and atomic level population and ionization distributions [39]. The
electron density considered for the simulations is in the range 1 x 10'7 to 1 x 10'® cm?. Any
visible radiation originating from the cooler portions of the plasma was not considered in the
present study.

In conclusion, we have presented spectral measurements of a laser-plasma EUV/SXR source
based on double gas puff targets. We have evaluated emission from eleven gases and gas mixtures
which might be used as gas targets for laser-matter interaction forming a plasma, emitting radiation
in a broad wavelength range from 1 nm up to 70 nm wavelength (photon energy from 18 eV to
1240 eV).
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