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We present spectral investigations of laser-plasma sources, in the extreme ultraviolet (EUV) and soft X-ray
(SXR) regions from high-Z gases, dedicated for the X-ray coherence tomography experiments. The laser pulses
of 4 ns and 650 mJ are used to produce plasma in a double gas puff target. The spectral investigation is done
using 3 different spectrometers, spanning 1 nm to 70 nm of the EUV/SXR spectral region. Grazing incidence
spectrometers are used in the ranges of 1-5 nm and 10-70 nm, and transmission grating spectrometer is used
in the range of 4-16 nm. Specific wavelength bands were identified which are suitable for SXR and EUV XCT
measurements. The compact size of the experimental setup of about & 1.5 x 1.5 m? makes it suitable for laboratory

environments.
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1. Introduction

SXR/EUV sources are identified to have potential
in high resolution imaging techniques due to their
lower wavelengths. Broadband emission from laser-
plasma sources allow polychromatic imaging techniques
to be implemented, such as X-ray coherence tomogra-
phy (XCT) [1]. The axial resolution of the reconstructed
3D images in XCT are determined by the spectral char-
acteristics of radiation sources. The axial resolution is
directly related to the coherence length and thus in-
versely proportional to the spectral width of the emission.
The broadband emission required for the XCT can be
achieved using high-Z gases as laser targets. The spectral
emission from Xe and Kr has been studied for different
applications [2, 3.

In the present paper, we explore the possibility to use
spectral emissions from Kr (Z = 36) and Xe (Z = 54)
gas targets and KrXe mixture. The broadband emission
from high-Z gases obtained through a laser—matter inter-
action is sufficiently broad for the XCT measurements.
We detail the experimental setup used for the spectral
measurements from 1-70 nm. The results are discussed,
and conclusions are made in the succeeding sections.

2. Experimental setup

The experimental setup for laser plasma SXR-EUV
source is shown in Fig. 1. The setup consists of Nd:YAG
pumping laser, source vacuum chamber with double gas
jet valve, and three different spectrometers for different
wavelength ranges in EUV/SXR region. The Nd:YAG
laser (NL303HT, EKSPLA, Lithuania) with an operat-
ing wavelength of 1064 nm is used to produce a laser
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Fig. 1. Schematic of experimental setup with TGS
and GIS.

pulse of duration 4 ns and energy 650 mJ with a repeti-
tion rate of 10 Hz. 100 laser pulses were used to acquire
spectra.

The double stream gas target is produced by an elec-
tromagnetic valve, located inside the source chamber.
The gases are injected into the laser—matter interaction
region using a concentric double nozzle. The inner nozzle
has a diameter of 0.4 mm and is supplied with a target gas
to which a specific emission spectrum can be attributed.
The outer, ring-shaped nozzle with 0.7 mm to 1.5 mm in
diameter is supplied with helium gas to confine the target
gas. The laser beam is focused at 1.5 mm above the gas
nozzle using a lens with 27 mm focal length. Both nozzle
and lens are placed on translational stages and optimized
for maximum output. More details about the EUV/SXR
LPP source and its optimization can be found in Ref. [4].
The target gas is supplied at 5 bar pressure and helium
gas is supplied at 6 bar backing pressure.
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Three different spectrometers are used to mea-
sure emission spectra from the plasma in the range
of 1-70 nm. Schematic of grazing incidence spectrometer
(GIS) and transmission grating spectrometer (T'GS) is
provided in Fig. 1. GIS is used to measure the spectra
in the wavelength ranges 1-5 nm (SXR) and 10-70 nm
(EUVII). The radiation in the wavelength range 4-16 nm
(EUVI) is measured using a TGS. To measure SXR radi-
ation in the range 1-5 nm, an entrance slit of 12 pm and
a grazing incidence diffraction grating of 2400 lines/mm
are used. A back-illuminated CCD camera (greateyes
GmbH, Germany) with 2k x 2k resolution and pixel size
of 13 x 13 um?, cooled to —20°C, is used to record the
spectra from high-Z gases such as Kr, Xe, and their
mixture. In the EUV I range a 30 pum entrance slit
and a transmission diffraction grating of 5000 lines/mm
are used. For spectral data recording of this spectro-
meter, a back-illuminated CCD camera (Andor, UK)
with 1k x 1k resolution and a pixel size of 13 x 13 pum?,
cooled down to 0°C, is used. In EUV II spectrometer, an
entrance slit of 25 pm and grazing incidence diffraction
grating of 450 lines/mm is used. In this case, a back-
illuminated CCD camera (Andor, UK) with a resolution
1kx 1k and a pixel size of 13 x 13 um?, cooled down to
—20°C is used to record the spectral output.

3. Results and discussion

The spectral emissions in the range of 1 to 70 nm for
Kr, Xe gases and KrXe (v/v 90/10%) mixture were mea-
sured. Such gases were used as possible candidate tar-
gets for laser—matter interactions dedicated to the XCT
experiment. The XCT requires large bandwidth emission
to obtain small coherence length (I.) [5] in the range of
(preferably) a few nanometers [1] allowing for high ax-
ial resolution reconstruction of tomographic images. The
spectral bands were identified according to national insti-
tute of standards and technology (NIST) data [6]. The
spectral bands were identified with the ionization lev-
els and spectral lines were identified with the transition
wavelengths.

The spectral emissions in the EUV/SXR wavelength
range from krypton gas target are provided in Fig. 2a—c.
We could identify that krypton has broadband emissions
spanning ~ 0.35 nm centred at 4.5, 4.9, and 5.4 nm wave-
lengths superimposed on top of a quasi-continuum span-
ning from 2.5 to 7 nm, resulting in /. ~ 1.8 nm. These
are identified as emissions related to the ionization levels
of Kr(XI), Kr( XII), and Kr(XIII) [7]. Recently, a pre-
liminary experiment related to SXR XCT measurements
was performed using this emission [1]. A much wider
band was identified starting from 8.8 to 11 nm, which
corresponds to ionization levels of Kr(X) to Kr(XIII). In
the EUV II range we could identify a significant output
from 10 to 12 nm which agrees with EUV I measure-
ments. This emission could find XCT applications in the
EUV range. Bands identified are corresponding to the
transitions in Kr plasma from Kr(IX) to Kr(XVIII) ions.

Fig. 2.
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Spectral investigation of EUV/SXR emission
from krypton gas target in wavelength ranges 1-5 nm
(a), 4-16 nm (b), 10-70 nm (c).

Spectral investigation of EUV/SXR emission
from xenon gas target in the wavelength ranges 1-5 nm
(a), 4-16 nm (b), 10-70 nm (c).
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Fig. 4. Spectral investigation of EUV/SXR emission
from krypton—xenon mixture gas target in wavelength
ranges 1-5 nm (a), 4-16 nm (b), 10-70 nm (c).

Spectral emission from Xe (Z = 54) gas is presented
in Fig. 3a—c. Owing to much higher atomic number, it is
expected that the emission bandwidth in the EUV/SXR
region from Xe plasma will be wider comparing to that
from Kr plasma. Indeed, a significant broadband emis-
sion is detected in the range of 3.5 to 7.5 nm wavelength.
According to the NIST database, it is identified that the
predominant emissions from Xe plasma in that wave-
length range can be attributed to the Xe(XXIX) and
Xe(XXVI) ions.

Moreover, in the wavelength range from 14 to 20 nm,
Xe plasma has significant emissions in the range from
15 nm to 16.3 nm, related to Xe(IX), Xe(X), and Xe(XI)
ions, and in the range 16.6 to 18.5 nm related to the
Xe(VIII) ions. Such emission band from 15 to 18.5 nm,
resulting in [, of &~ 35 nm, can also be interesting from
the point of view of the EUV XCT.

Spectral emission characteristics of a mixture of KrXe
is presented in Fig. 4a—c. Since this mixture is mostly
Kr, the emission spectrum of such mixture in the SXR

range is dominated by the radiation from Kr plasma.
Moreover, an additional high-intensity emission, related
to Xe(IX) ions in the range from 10.6 nm to 11.4 nm, is
also identified due to the low rate of reabsorption of Xe,
since its concentration is low in the mixture. This emis-
sion from Xe(IX) ions (10.6-11.4 nm) together with the
emission from Kr(XVIII) around 9 nm wavelength spans
~ 2 nm around a central wavelength at 10 nm results in
l. of &~ 20 nm and may be suitable for EUV XCT.

4. Conclusion

EUV/SXR spectral emissions from LPP source, based
on double stream Kr/He, Xe/He, and KrXe/He gas puff
targets are measured using three different spectrome-
ters. The spectra are analysed and most suitable spectral
ranges for XCT application are found out. The effects of
mixture on spectral data were analysed.

The spectral characterization of such source is very im-
portant in calculation of maximum possible resolution of
depth information that can be obtained from XCT exper-
iments. The magnitude of the radiations is also impor-
tant in terms of the time required for XCT experiments.
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