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Abstract

In this work, a laser-produced plasma source was used to create xenon (Xe) photoionized plasmas. An extreme ultraviolet
(EUV) radiation beam was focused onto a gas stream, injected into a vacuum chamber synchronously with the EUV pulse.
Energies of photons exceeding 100 eV allowed for inner-shell ionization of Xe atoms. Creation of N-shell vacancies
resulted in N-shell fluorescence and was followed by multiple ionization. Time-integrated EUV spectra, corresponding
to excited states in Xe II-V ions, were recorded. Several emission lines detected in the 39-65 nm wavelength range
were not reported earlier. They were not identified due to lack of a corresponding information in published databases.
Except spectral measurements in the EUV range, time resolved ultraviolet and visible spectra, originating from Xe II
and III ions, were recorded. For spectral lines, corresponding to radiative transitions in Xe II ions, electron temperature
was calculated based on a Boltzmann plot method. Based on this method the temperature was measured for different

time delays according to the driving EUV pulses.
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1. INTRODUCTION

Low-temperature plasmas used in technology can be pro-
duced using various plasma generators, including inductively
or capacitively coupled radiofrequency plasma reactors
(Peignon et al., 1991; Plank et al., 2003; Lallement et al.,
2010; Shim et al., 2012), microwave plasma torch (Hong
et al., 2006), dielectric barrier discharge (Korotkov et al.,
2007), or electron-beam-generated plasmas (Baraket et al.,
2010). All these generators can produce different kinds of
low-temperature plasmas, including reactive plasmas. The
electron temperature in case of IC-RF plasmas is at the
level of 1-8 eV. In case of the electron-beam-generated plas-
mas or atmospheric plasmas, the temperature is lower, within
the range of 0.4-0.6 eV. Their electron density is of the order
of 10" em™>; however, in case of atmospheric plasmas it can
reach the value of 10" cm ™3 (Ogura et al., 1997). Plasmas
produced in this way are used in industrial processes, such
as gas phase plasma chemistry, surface treatment, and coat-
ing. Treatment of some materials, employing reactive low-
temperature plasmas, results in formation of volatile products
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such as FWg (Peignon et al., 1991), GeF, (Peignon et al.,
1991), or SiF, (Liptak et al., 2009). This effect can be thus
utilized for reactive plasma etching of tungsten, germanium,
silicon, or other materials containing these elements such as
SiC (Plank et al., 2003) or glass (Lallement et al., 2010).
Such etching processes are employed in microelectronic
technologies for the fabrication of semiconductor devices,
microengineering, nanotechnology, etc.

Low-temperature plasmas are also present in the Space.
They can be encountered in planetary or star atmospheres,
for example. In the first case, upper planetary atmospheres
are ionized by solar radiation, composed of either high-
energy photons or charged particles. In case of molecules, in-
teraction with high-energy photons results in their dissocia-
tion to ionic or neutral species. Ionization of O,, N,, and
other simple molecules by solar radiation is one of the
most important ion production channels on Earth’s and
Titan’s (Huebner et al., 1992; Dutuit et al., 2013; Pavlov,
2014) upper atmospheres. Photoionization of atoms and mol-
ecules is one of the dominant processes forming the thermo-
sphere (Peterson et al., 2012, 2013). Different kinds of
molecular processes that can be encountered in such condi-
tions are simulated in laboratory employing synchrotrons
(Imanaka & Smith, 2009; Pilling et al., 2011) or plasma dis-
charge sources (Kotos, 1995).
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Laboratory simulations are devoted also to low-tempera-
ture plasmas present in atmospheres of stars. Some ex-
periments concern, for example, white dwarf (WD)
photospheres (Falcon et al., 2010, 2013). To perform the
experiments a special gas cell was mounted close to the
high-temperature, high-density z-pinch plasma produced at
Z-pulsed power facility (Matzen et al., 2005). In this case,
photoionized hydrogen plasma with a temperature of approx-
imately 1 eV and an electron density of 10'” cm™ can be
created. These parameters are similar to the parameters of
the WD photospheres allowing us to perform some bench-
mark measurements concerning calibration of WD atmo-
sphere models.

In this work, spectral investigations of low-temperature
xenon (Xe) photoionized plasmas, induced using a laser-pro-
duced plasma (LPP) extreme ultraviolet (EUV) source, were
performed. The source is based on a nanosecond Nd:YAG
laser and a double-stream gas puff target. The radiation
was focused employing a reflective EUV collector. Low-
temperature Xe plasmas, composed of multiply charged
ions, were produced. Plasmas were investigated by time-inte-
grated spectral measurements in the EUV range and time-re-
solved spectroscopy in the ultraviolet and visible (UV /VIS)
range. Several unidentified lines in the EUV spectral range
were detected. Based on the spectral measurements a tempo-
ral evolution of relative intensities of selected spectral lines
and the electron temperature was determined. Origin of
doubly and triply charged ions was discussed.

2. EXPERIMENT

The experimental setup consisted of a LPP EUV source, an
injection system for delivering of small portions of Xe gas
into an interaction region, synchronized with the EUV
source, and the spectral measurement system. The LPP
EUV source was based on a 0.8 J/4ns/10 Hz Nd:YAG
laser, manufactured by EXPLA Company and a double
stream gas puff target, described elsewhere (Fiedorowicz
et al., 2000; Bartnik et al., 2001). The laser plasma was cre-
ated in a Xe stream allowing for strong emission of radiation
in the EUV range. Thousands of overlapping spectral lines
formed a quasi-continuous spectrum with the most intense
emission at the wavelength range A = 11 + 1 nm. Part of
the EUV radiation emitted from the Xe plasma into the 4n
sr sphere was focused using an axi-symmetrical grazing inci-
dence ellipsoidal collector (Rigaku Innovative Technologies
Europe s.r.o., Czech Republic). Diameter of the focal spot
(full width at half maximum (FWHM) of the intensity distri-
bution) was approximately 1.5 mm and a maximum EUV
fluence reached 0.1 J/cm?® The Xe gas was injected into
the vacuum chamber, synchronously with the EUV pulses,
using an auxiliary gas puff valve. The valve, equipped with
a cylindrical nozzle, was mounted such as, to assure injection
of the gas perpendicularly to an optical axis of the EUV col-
lector. The gas density in the interaction region was con-
trolled by an opening time of the valve or adjustment of a
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backing pressure. The gas density adjusted this way was of
the order of 1/10% of the atmospheric density. Interaction
of the EUV beam with the Xe gas resulted in creation of
the low temperature, photoionized plasma, emitting radiation
in an optical and EUV range.

The measurement system consisted of two spectrographs.
The first one was an EUV spectrograph (McPherson,
Model 251) allowing for time-integrated measurements.
The spectrograph was equipped with a grazing incidence,
flat-field toroidal grating having a groove density 450 g/
mm. Its spectral range was A = 10-95 nm and the resolution
for the wavelength of A = 50 nm was approximately A\ /A\ =
500. The spectra were acquired using a back-illuminated
CCD detector (Princeton Instruments Inc.). To minimize a
thermal noise the detector was cooled down to a temperature
of —65 °C. The second spectrograph was an Echelle Spectra
Analyzer ESA 4000, equipped with the ICCD Kodak KAF
1001 camera, allowing for time-resolved measurements. Its
spectral range covered the UV /VIS wavelengths, A = 200/
780 nm. The spectral resolution was approximately \/A\ =
20,000. Optical axes of both spectrographs were orthogonal
with respect to the optical axis of the EUV irradiation system.
For such configuration, weak spectra originating from photo-
ionized plasmas were not affected by the strong laser plasma
radiation. More details concerning the experimental setup
can be found elsewhere (Bartnik ef al., 2011, 2012).

3. EXPERIMENTAL RESULTS

The time-integrated emission spectra, originating from
the Xe photoionized plasmas, recorded in the EUV range,
were very weak. To obtain spectral intensities sufficient
for further analysis, a multiple exposure spanning thousands
of spectral signals was necessary. Typical spectra presented
in Figures 1 and 2 were obtained by accumulation of 4000
pulses. The emission spectrum, shown in Figure 1 contains
two pronounced fluorescent lines corresponding to inner
shell 5s5°4d'5p°-55°4d°5p°® transitions, *Ds/»—>Py/ (\ =

L] l L} l L) l L) l L] l L]
@[ 2 3 i
= r \ / -
: o -
£
c | 1 1-4d%p°D,, - 4d"5p" P, 7]
> 2—4d95p62DM—4d1°5p52P3I,2 g
3 3-4d°5p°°D. - 4d"5p"P =
o - P si2 p 12
]
=

18 20 22 24 26 28 30
wavelength(nm)

Fig. 1. N-shell spectrum of Xe II ions.
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Fig. 2. EUV spectrum of Xe ions.

22.39 +0.05 nm) and *D3;,—*P3/> (\ =22.11 + 0.05 nm),
following the N-shell photoionization. The additional broad
peak of significantly lower intensity at the wavelength of
A = 21.6 nm can be attributed to the D /2—2P1 /2 transition.

The second part of the EUV spectrum, spanning the
wavelength range of 40—85 nm, is shown in Figure 2. It con-
sists of multiple lines, originating mainly from transitions in
singly to quadruply charged ions. The spectral lines corre-
spond mainly to 5s*5p*-5s*5p*~'5d, 55*5p*~55*5p*'6s,
5525p*55%5p* 7 16d and 5s*5p*—5s5p* ! transitions, where
k = 5-2 for Xe II-V, respectively. All the lines were identi-
fied based on the NIST (http://physics.nist.gov/PhysRef
Data/ASD/lines_form.html) database and the references
contained therein. There were also several lines detected, es-
pecially in the wavelength range of 40—-49 nm, not found in
any database. Wavelengths of these lines, together with
their relative intensities, are presented in Table 1. The relative
intensities were referred to the line intensity of Xe III ions at
the wavelength of A = 65.048 nm, with the relative intensity
equal to 12, according to the NIST data.

Besides the EUV spectra also the UV / VIS spectra were re-
corded. These spectra could be acquired with temporal reso-
lution. The narrowest possible gate time was 20 ns. In our
experiments, the 40 ns gate time was employed. A typical
spectrum acquired at the early stage of photoionized
plasma formation is presented in Figure 3.

The spectrum consists of multiple lines corresponding to
radiative transitions in singly and doubly charged ions.
Most of the lines and the most intense ones originate from
transitions in Xe Il ions. For two of these lines with the wave-
lengths of \; = 484.433 and \, = 229.652 nm, respectively,
temporal evolution is presented in Figure 4. As could be ex-
pected their intensities are monotonically decreasing with the
delay time between the moment of formation of the photo-
ionized plasma and the spectral acquisition; however, the de-
crease is not very fast, several times longer comparing to the
time duration of the driving pulse. Similar decrease concerns
most of the other lines detected in the UV/VIS spectral
region.
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4. DISCUSSION OF THE RESULTS

The EUV photons, used for creation of photoionized plasmas
in this work, have energies up to approximately 140 eV with
the maximum of spectral intensity at about 110 eV. In case of
neutral Xe, the energies of photons, required for creation of
the inner shell Xe"4d® ?Ds;, and Xe"4d® *Ds, states,
have to exceed the corresponding binding energies, which
are 69.29 and 67.32 ¢V, respectively (Fritzsche et al.,
2011). Thus, these states can be easily created producing a
large number of photoelectrons. Creation of the inner shell

Table 1. Wavelengths and relative intensities of spectral lines in the
EUYV range not published in the NIST or other databases for the
low-charged Xe ions.

SI. no. Wavelength (nm) A = 0.05 nm Relative intensity (arb. units)
1 39.61 0.4
2 40.19 1.1
3 40.38 0.6
4 40.77 0.6
5 41.16 0.7
6 41.89 1

7 42.23 0.6
8 42.57 1.7
9 4291 0.7
10 43.25 0.8
11 43.59 1.1
12 44.17 29
13 45.00 2.8
14 45.54 1.3
15 46.96 14
16 47.26 1.1
17 47.7 6.6
18 47.99 6.7
19 48.85 8
20 49.51 13.8
21 51.41 1.7
22 52.87 2.8
23 54.46 2.8
24 64.02 1.3
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Fig. 3. UV/VIS spectrum of Xe ions.

vacancies is followed by EUV fluorescence with the spec-
trum presented in Figure 1 or the Auger decay to doubly or
triply charged ions. It should be pointed out that the fluores-
cence probability for the Xe"4d” states is a few orders of
magnitude smaller comparing with the Auger decay. It
means that practically all of these states relax producing
Auger electrons that, similarly to photoelectrons, have ener-
gies sufficient for further ionization of Xe atoms or single-
charged ions. Ionization thresholds of Xe III and IV ions,
produced due to a single or double Auger decay are 31.05
and 40.9 eV, respectively (Saloman, 2004). It can be easily
calculated that energies of the photo- and Auger electrons
are sufficient for further ionization or excitation of these
ions, as well. A radiative decay of the excited states of Xe
III and IV ions results in the EUV spectrum shown in
Figure 2. It can be noticed that the most intense lines origi-
nate from these ions. Some of the lines with relatively low in-
tensities can be attributed to the excited Xe atoms or Xe II
and Xe ions. There are also a number of spectral lines detect-
ed in the EUV range, enumerated in Table 1. These lines
were not reported in the NIST or other published databases
for the low-charged Xe ions. It suggests that these lines are
not encountered in typical, low-temperature plasmas,
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Fig. 4. Temporal evolution of two Xe II spectral lines.
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employed for spectral investigations, and are specific for
the photoionized Xe plasma produced in the experiment de-
scribed in this work. Their emission can be associated with
the photoionization /photoexcitation processes and ioniza-
tion or excitation by non-thermal electrons, producing
inner-shell vacancies or multi-excited states.
Thermalization of photo- and Auger electrons leads to for-
mation of low-temperature plasmas. The electron temperature
and its temporal evolution were estimated based on a Boltz-
mann plot method (Harilal, 2004; Aragén & Aguilera, 2008).
The corresponding plots were constructed for emission
spectra recorded in the UV/VIS range. An example of
such spectrum is presented in Figure 3. The Boltzmann
plot constructed for this spectrum, shown in Figure 5, was
based on Xe II lines. The plot employs relative intensities
I;; of spectral lines, corresponding to radiative transitions be-
tween the levels i and k. The individual points correspond to
the values of In(lx\;/Argr) versus the upper-level energy
E;. In this case, A, is the wavelength, A;; the radiative transi-
tion probability and g is the statistical weight of the upper
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Fig. 5. An example of the Boltzmann plot constructed for Xe II emission
lines recorded in the UV/VIS range.
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level. In case of plasmas being in a local thermodynamic
equilibrium (LTE) or at least pLTE (partial LTE) a straight
line can be fitted to the points and the slope 1/kT yields
the electron temperature. All the data points used for the de-
termination of the electron temperature correspond to indi-
vidual lines not overlapping with other lines. To estimate
the measurement uncertainty, five spectra were taken into ac-
count for construction of a particular Boltzmann plot. The
uncertainty is connected with shot-to-shot variation of the
photoionized plasma parameters and some deviation from
the LTE conditions. The variation of plasma parameters
can be attributed to small differences between energies and
spectral profiles of the driving EUV pulses, at the level of
5-10%. These differences originated mainly from variation
of parameters of the gas puff target used for the laser
plasma creation. A similar variation concerned the density
of the Xe gas injected into the interaction region for creation
of photoionized plasmas. As a result, the emission spectra
obtained from successive pulses were slightly different.
The line intensities were determined by numerical integration
of the line profiles. The corresponding data points were cal-
culated based on the formula In(IAy;/Argr) and averaged
over five spectral distributions. Standard deviations from
the averaged values were calculated for each point and
marked in Figure 5 as error bars.

Based on analogous Boltzmann plots based on Xe II spec-
tra recorded for different time delays in respect to the exciting
EUYV pulses, a time dependence of the electron temperature
was determined. The corresponding graph is shown in
Figure 6. It should be pointed out, that even though the tem-
perature is decreasing, the decrease is relatively slow. The
temperature is maintained at the level of 1-2 eV within the
time of 300 ns.

It should be pointed out that the temperature decrease is
significantly slower comparing to the decrease of spectral
lines intensities shown in Figure 4. It is clear taking into ac-
count that most of the excited Xe II states are produced at the
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beginning in the non-LTE plasma. After that the energies of
photo- and Auger electrons are continuously decreasing due
to bound-free and free—free processes and their energy distri-
bution becomes Maxwellian. Most of thermalized electrons
have energy too low for ionization or excitation of Xe ions;
hence, their average energy is decreasing relatively slowly.

5. SUMMARY

In this work, the first results of investigations of EUV in-
duced low-temperature photoionized Xe plasmas are present-
ed. Plasmas were created by irradiation of small portions of
Xe gas, using the 10 Hz LPP source, equipped with the ellip-
soidal collector. The gas was delivered into the interaction
region synchronously with the EUV pulses. The resulting
low-temperature photoionized plasmas were investigated
using the EUV and UV/VIS spectroscopy. Low-intensity
EUV spectra consisted of emission lines corresponding to
transitions in Xe II-V ions. Most of the spectral lines were
identified. Several lines, however, detected in the EUV
range, were not reported in known, published databases.
Their presence is interpreted to be specific for the EUV-in-
duced photoionized Xe plasmas, where inner-shell vacancies
can significantly modify population of the excited states.
Such conditions can be created during irradiation of Xe gas
by the intense EUV pulses, when intense photoionization
governs the plasma formation process.

In case of the UV/VIS spectra, only emission lines corre-
sponding to excited states in singly and doubly charged ions
were detected. It was assumed that population of these states
is determined mainly by collisional processes, following the
photoionization phase, and the pLTE plasma is being
formed. In this case, for spectral lines corresponding to radi-
ative transitions in Xe II ions, Boltzmann plots were con-
structed and temporal evolution of the electron temperature
was determined. It was shown that the temperature of the
order of 1 eV is maintained during a relatively long time,
at least 300 ns, which is two order of magnitude longer com-
paring with the duration of the exciting EUV pulse.
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