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Abstract

In this work, two laser-produced plasma (LPP) sources – extreme ultraviolet (EUV) and a LPP soft X-ray (SXR) source
were used to create Ne photoionized plasmas. A radiation beam was focused onto a gas stream, injected into a vacuum
chamber synchronously with the radiation pulse. EUV radiation spanned a wide spectral range with pronounced
maximum centered at λ≈11 nm, while in case of the SXR source spectral maximum was at λ≈1.4 nm. Emission
spectra of photoionized plasmas created this way were measured in a wide spectral range λ= 10–100 nm. The
dominating spectral lines originated from singly charged ions (Ne II) and neutral atoms (Ne I). For the highest
radiation fluence, spectral lines originating from Ne III and even Ne IV species were detected. Differences between the
experimental spectra, obtained for all irradiation conditions, were analyzed. They were attributed either to different
fluence or spectral distribution of driving photons.
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1. INTRODUCTION

X-ray and extreme ultraviolet (EUV) photons carry enough
energy to ionize any atom or molecule. Interaction of this
kind of photons with matter results in releasing of photo-
electrons usually having energies sufficient for further ioni-
zation or excitation. In case of solids the radiationless
recombination may cause defects and chemical changes in
irradiated material. If the radiation power density is high
enough, ablation of the material can occur. Such phenome-
non was demonstrated in various experiments using synchro-
trons (Zhang et al., 1995), free electron lasers (FEL) (Juha
et al., 2003), or laser-produced-plasma (LPP) sources (Bart-
nik et al., 2005; Makimura et al., 2005;). In case of FEL the
power density and energy fluence is usually sufficiently high
for multiple ionization of the ablated material and formation
of non-equilibrium plasma. Plasma formation by X-ray
irradiation of solids is also possible using the so-called
high-energy-density (HED) facilities (Perry et al., 1996).
Extremely high-energy X-ray pulses, produced in these in-
stallations, are used for example for fusion experiments (Hur-
ricane et al., 2014).

High-power X-ray sources can be used also for plasma
production in gaseous media. In this case photoionization re-
sults in direct conversion of gaseous media into photoionized
plasmas. In contrary to interaction with solids no energy is
lost for material ablation, thus plasma can be formed with
much lower radiation intensity. Experiments on photoionized
plasmas produced by irradiation of gases using high-power
X-ray sources concern the so-called laboratory astrophysics.
The term refers to experimental simulation of some processes
or forms of matter present in the Space. Most of the matter in
the Universe is ionized due to heating by gravitational com-
pression or exposure to intense EUV or X-ray radiation. Pho-
toionization of gases is a key process in the formation of
different kinds of astrophysical plasmas, especially located
close to strongly radiating compact objects. Photoionized
plasmas of corresponding parameters were investigated in
series of experiments using high-power X-ray pulses, pro-
duced in high-power laser facilities GEKKO XII (Fujioka
et al., 2009) and Shenguang II (Wei et al., 2008) or the
Z-pulsed-power facility (Bailey et al., 2001; Cohen et al.,
2003). In these experiments, the irradiated media were
placed close to the X-ray radiating plasmas. X-ray power
densities in the extreme cases exceeded 1011 W/cm2 and
were sufficient for the formation of photoionized plasmas
with high ionization degree. A brief review of interpretation
of astrophysical observations, supported by the laboratory
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astrophysics experiments, was presented in (Mancini et al.,
2009).
Photoionized plasmas are also formed by X-ray or EUV

irradiation of interstellar media or outer regions of planetary
atmospheres. In the latter case, the EUV radiation is especial-
ly important because of strong interaction with valence and
core electrons and significant contribution of the EUV in
Solar electromagnetic radiation. The EUV radiation ionizes
upper planetary atmospheres (Lammer et al., 2011) forming
low-density plasmas. Laboratory simulation of this kind of
photoionized plasmas does not require extremely high radia-
tion field because of relatively high values of cross-sections
for processes induced by EUV photons comparing with
X-rays (Watson, 1972; Gallagher et al., 1988; Itikawa
et al., 1989; Samson & Stolte, 2002). In this case, photoion-
ized plasmas can be created using EUV radiation pulses of
moderate intensity, available from small-scale laboratory
sources, at radiation intensity of the order of 107-109 W/
cm2 (Bartnik et al., 2013a; 2013b; 2013c).
Of course it is not possible to reproduce astrophysical plas-

mas in laboratory conditions because of different size, densi-
ty, and temporal evolution. Other parameters, however, like
temperature or ionic composition can be achieved. Also,
some parameters of radiation field forming the photoionized
plasmas in space can be simulated in the laboratory. Investi-
gations of the laboratory plasmas can support accuracy of
physical models, constructed for analysis of observed spectra
from astrophysical plasmas.
In this work, spectral investigations of Ne photoionized

plasmas induced using three different radiation sources,
were performed. The sources are based on nanosecond
Nd:YAG lasers of different parameters and double-stream
gas puff targets. The radiation is focused by EUV or soft
X-ray (SXR) collectors. Low-temperature Ne plasmas, com-
posed of mainly neutral atoms and singly charged ions, were
produced. Significant influence of radiation intensity and
spectral distribution of the driving radiation pulses on ionic
composition was demonstrated. For the most intense radia-
tion, Ne III and even Ne IV species were detected. Differenc-
es in relative intensities of the most characteristic spectral
lines were discussed.

2. EXPERIMENT

2.1. EUV Sources

In our experiments, three LPP, EUV, and SXR sources were
used. They were based on Nd:YAG lasers of different param-
eters and equipped with appropriate focusing collectors. The
first one (Source No. 1) was a 10-Hz LPP EUV source, based
on a double-stream gas-puff target, irradiated with the 4 ns/
0.8 J Nd:YAG laser pulse. The target was created by pulsed
injection of a krypton – xenon (90/10%) gas mixture into a
hollow stream of helium by employing an electromagnetic
valve system, equipped with a double-nozzle setup. The fo-
cusing conditions and plasma parameters were adjusted to

obtain the maximum intensity in the EUV spectral region.
The radiation was focused using a gold-plated grazing inci-
dence ellipsoidal collector, manufactured by Rigaku Innova-
tive Technologies Europe s.r.o., Czech Republic. The
collector is a part of an ellipsoid having a collection angle
of 0.8 sr. Roughness of its reflective surface is smaller than
1 nm. The collector has a rotational symmetry and plasma
is located in one of its focal points. An incidence angle for
the focused radiation is approximately 15°. The collector al-
lowed for effective focusing of radiation emitted from Kr/Xe
plasma in the wavelength range λ= 9–70 nm. The most in-
tense emission was in the relatively narrow spectral region,
centerd at λ= 11±1 nm. The spectral intensity at longer
wavelength range was much smaller; however, spectrally in-
tegrated intensities in both ranges were comparable. The
EUV fluence in a focal plane of the collector reached
0.1 J/cm2 at the center of a focal spot. A full width half max-
imum diameter of the intensity distribution in the focal spot
was 1.4 mm. Schematic view of the source together with the
spectrum of the focused EUV radiation is presented in
Figure 1a and 1b. It should be pointed out that short wave-
length radiation with the wavelengths below 8 nm is not re-
flected from the collector surface. Detailed description of
the source and parameters of the focused EUV radiation
can be found elsewhere (Bartnik et al., 2011).
The second EUV source (Source No .2) was based on a

10 J/10 Hz Nd:YAG laser system with the pulse duration of
10 ns. In this case, also a double-stream gas-puff target was
employed for plasma creation. The only difference was that
the Kr/Xe mixture was replaced by pure Xe gas. Laser pulse
energy in this case could be changed from 1 to 10 J. Increase
of the pulse energy resulted in spectral shift of the emitted ra-
diation toward the SXR region. In all cases, however, plasma
emission is dominated by the EUV radiation. This part of radi-
ation was collected and focused with good efficiency using a
Mo-coated ellipsoidal mirror having the same geometry as
the EUV collector used for the Source No. 1. Spectral distribu-
tion of the focused EUV radiation, obtained in this case, is pre-
sented in Figure 1c. The most intense emission was again in
the spectral region close to λ= 11 nm; however, the spectrum
contains the second wide maximum around λ= 16 nm. Max-
imumvalue of the EUV fluence in a focal plane of the collector
exceeded 0.4 J/cm2. Experimental arrangement of the source
is similar to the Source No. 1 as shown in Figure 1a.
The third source (Source No. 3) was based on the same

laser system as in case of the Source No. 2. In this case, how-
ever, the laser pulse was shortened to approximately 1 ns
using an Stimulated Brillouin Scattering (SBS) mirror.
Also in this case the plasma is being created by a laser irra-
diation of the double-stream gas-puff target that used Xe
gas as the working medium. Plasma radiation spectrum in
this case spans the wide wavelength range with strong max-
imum at λ≈1.4 nm. The radiation was focused using a parab-
oloidal collector consisting of a set of two identical
axisymmetrical paraboloidal mirrors mounted coaxially, as
shown in Figure 2a. Plasma is located in a focal point of
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one of the mirrors which allows to form a parallel SXR/EUV
beam that is focused by the second mirror. Spectrum of the
focused radiation (Fig. 2c) is similar to the direct plasma
emission spectrum (Fig. 2b); however, the relative intensity
of the radiation close to 1 nm wavelength in comparison
with the longer wavelengths is approximately two times
lower. Maximum value of the SXR/EUV fluence in a
focal plane of the collector reached 0.25 J/cm2. Experimen-
tal arrangement of the source is shown in Figure 2a.

2.2. Gas Injection and Measurement Systems

EUV propagates only in vacuum, thus interaction of the EUV
radiation with gases requires pulse injection of a gas stream
into the vacuum chamber, synchronously with an SXR/
EUV pulse. In our experiments, different gases were injected
into the interaction region, perpendicularly to an optical axis
of the irradiation system, using an auxiliary gas puff valve.
The valve was equipped with a circular nozzle, having diam-
eter of Φ= 0.7 mm in case of the Source No. 1 and Φ=
2 mm in case of the other sources. An outlet of the nozzle
was always located approximately 2.5 mm from the optical

axis of the irradiating system. Larger nozzle diameter was al-
lowed to increase the size of the interaction region and pho-
toionized plasma. The larger plasma – the larger number of
EUV photons emitted from the plasma. It enabled to mini-
mize a number of laser pulses required for spectral measure-
ments. The gas density in the interaction region was
controlled by adjusting a gas backing pressure or the opening
time of the valve. The density value was of the order of
1–10% of the atmospheric density.

Irradiation of gases injected into the interaction region, re-
sults in ionization and excitation of atoms and ions. The EUV
spectra were measured using a grazing incidence, flat-field
spectrometer (McPherson, Model 251), equipped with a
450 lines/mm toroidal grating. The spectral range of the
spectrometer was λ= 10–95 nm. An optical axis of the spec-
trometer is perpendicular to the optical axis of the EUV or
SXR irradiating system, thus the emission spectra are well
separated from the spectra of the laser-plasma radiation. It
is very important because the laser-plasma emission is ap-
proximately 105 times higher comparing with the photoion-
ized plasma emission. The spectra, integrated over 10–500
pulses, were recorded using a charge-coupled device

Fig. 1. Schematic view of the EUV Sources No. 1 and 2 indicating location of an auxiliary valve for gas injection into the interaction
region, together with the EUV/VUV spectrograph (a) the EUV spectra of the focused radiation: Source No. 1 (b), Source No. 2 (c).
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detector, cooled down to a temperature of−40°C. A location
of the auxiliary gas puff valve and the spectrograph in respect
to the sources is depicted in Figures 1a and 2a.

3. EXPERIMENTAL RESULTS

Emission spectra, acquired for Ne photoionized plasmas
using the irradiation systems, described in Section 2.1, are
presented in Figures 3–5. The spectrum, depicted in Figure 3,
was obtained by irradiation of Ne gas by the EUV pulses
with relatively low fluence not exceeding 0.1 J/cm2, using
the Source No. 1. In this case, the spectra could be acquired
for large number of pulses hence, despite low intensity of the
emitted radiation, good quality spectra were obtained. The
spectrum, shown in Figure 3, was obtained with 100 EUV
pulses. It consists of multiple lines, originating from transi-
tions in Ne atoms and singly charged Ne ions. The most in-
tense line is a doublet corresponding to 2s22p5–2s2p6

transitions of Ne II ions. The spectrum was obtained for
the gas density of the order of 1017 atoms/cm3. Relative in-
tensities of Ne II lines in case of higher densities remained
practically unaltered. No lines corresponding to Ne III or
higher ionization degrees were detected.
Significantly different are Ne spectra, depicted in Figure 4,

obtained for the experimental arrangement employing the
Source No. 2. Photoionized plasmas in this case were created
by the EUV irradiation of Ne gas with much higher fluence

Fig. 2. Schematic view of the Source No. 3, indicating location of an auxiliary valve for gas injection into the interaction region, together
with the EUV/VUV spectrograph (a) the SXR/EUV spectrum of direct plasma emission (b) and the SXR/EUV spectrum of the focused
radiation (c).

Fig. 3. A typical spectrum obtained for Ne photoionized plasmas using the
irradiation system based on the Source No. 1.
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of approximately 0.4 J/cm2. A single EUV exposure was
limited to 10 pulses to avoid strong degradation of the gas
puff nozzle exposed to hot plasmas. Despite a small
number of EUV pulses, spectral intensities are comparable
with the intensities obtained with hundreds of EUV pulses
with the low fluence. It could be explained by higher EUV
fluence and larger region of emission due to a larger
nozzle outlet. As in the first case, the spectrum shown in
Figure 3a consists of multiple lines, originating mainly
from transitions in Ne atoms and singly charged Ne ions;
however, it contains also well-pronounced spectral lines cor-
responding to 2s22p4–2s2p5 transition in Ne III ions at wave-
lengths of λ= 37.9 and λ= 48.9 nm. In this case, the
2s22p5–2s2p6 doublet of Ne II is not the most intense line.
In fact, its intensity is almost two times lower comparing
with the 2s22p5–2s22p4(3P)3s line. Additional measurements
performed in the shorter wavelength range revealed some
weak spectral lines, shown in Figure 3b. The spectrum con-
tains mainly lines corresponding to radiative transitions in
NeIII ions; however, two of the lines originate from transi-
tions in NeIV ions. These lines were not detected in case
of using the Source No. 1.

The emission spectrum, presented in Figure 5, originates
from photoionized plasmas, produced by the irradiation of
Ne gas using the Source No. 3. Plasmas in this case were cre-
ated by the SXR/EUV irradiation of the Ne gas with the flu-
ence having intermediate value, between the values obtained
from Sources No. 1 and 2. A single SXR/EUV exposure was
limited to 25 pulses, again, to avoid strong degradation of the
gas puff nozzle. The Ne spectrum is similar to that obtained
in case of using the Source No. 1; however, there are two sig-
nificant differences. First and the most important one is the
presence of a clearly visible line corresponding to the
2s22p4–2s2p5 transition in Ne III ions, at the wavelength of
λ= 37.9 nm. Its intensity is comparable with NeII lines,
except the most intense 2s22p5–2s2p6 doublet. The second
difference concerns two adjacent lines, corresponding to
2s22p6–2s22p53s transitions in neutral Ne atoms. Unlike the
photoionized plasmas, produced using Sources No. 1 and
2, where relative intensities of these lines are almost the
same, in case of employing the Source No. 3 their relative in-
tensities differ approximately three times. No other lines, cor-
responding to Ne III or higher ionization degrees, were
detected.

4. DISCUSSION

Ionization and excitation processes in Ne gas, driven by the
EUV or SXR radiation, are significantly different comparing
with plasma formation driven by IR lasers. In the latter case,
assuming nanosecond Nd:YAG laser pulses for plasma crea-
tion, energy of a single irradiating photon is about 20 times
lower than the ionization potential of Ne atoms. In this
case, plasma is being heated due to inverse bremsstrahlung
mechanism, reaching a high temperature, of the order of
tens or even hundreds of eV, depending on the power density

Fig. 4. A typical spectrum obtained for Ne photoionized plasmas using the
irradiation system with the Source No. 2: (a) A long-wavelength range. (b) a
short-wavelength range.

Fig. 5. A typical spectrum obtained for Ne photoionized plasmas using the
irradiation system based on Source No. 3.
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of the laser beam. Energies of thermalized electrons are suf-
ficiently high for ionization of atoms or even multicharged
ions. In this case, collisional processes govern the ionization
and excitation of atoms and ions. In such conditions, relative
intensities of spectral lines are mainly associated with the
ionization degree and electron temperature.
In case of irradiation of Ne gas with the EUV or SXR pho-

tons, direct photoionization of atoms or even ions by a single
photon is possible. Apart from that, energies of the resulting
photoelectrons are sufficiently high for further ionization or
excitation. Additionally, due to quasi-continuous spectrum
of the irradiating EUV/SXR photons, direct photoexcitation
of different states is also possible. Radiative decay of the ex-
cited states results in a linear emission in a wide wavelength
range, including the EUV range. In contrast to LPP, energy
range of emitted photons is not strictly related to electron
temperature. For the same reasons, there is no power density
threshold to be exceeded for gas ionization or excitation.
There is also no limitation for gas density; photoionized plas-
mas can be created in gases with very low densities, few
orders of magnitude below atmospheric density.
Differences in spectral distributions, for Ne ions, indicated

in Section 3, are associated with different irradiation condi-
tions, in particular, with variety in radiation fluences and en-
ergies of the irradiating photons. In case of experimental
arrangements utilizing Sources No. 1 and 2, energy range
of the irradiating photons and maxima of the spectral distri-
butions are similar. The significant difference concerns radi-
ation fluences, over four times higher in case of using Source
No. 2.
Taking into account relatively low intensity of irradiating

photons and results of spectral measurements, indicating
that mainly Ne+ ions are produced, ion (or electron) density,
created in all cases during the irradiation time, can be estimat-
ed from the equation:

dnNe+

dt
= (nNe − nNe+) σph,Ne+F (1)

where nNe+ is the density of singly charged Ne ions, nNe is
the initial atomic density, (nNe−nNe+) is the current atomic
density, σph,Ne+ is the cross-section for photoionization of
atoms, and F is the photon flux
Taking into account the experimental data for Source No.

1: nNe= 1017/cm3, F= 1.5 × 1024/cm2/s and the photoion-
ization cross-section (Samson & Stolte, 2002) σph,Ne+= 4 ×
10−18 cm2, electron and singly charged ion density
ne,nNe+= 2 × 1015/cm3 can be obtained. In equation (1), re-
combination of Ne+ ions was omitted because its rate, esti-
mated based on the work by Pequignot et al. (1991), is
over two orders of magnitude lower according to the photo-
ionization rate. Average energies of the photoelectrons are
sufficient for further ionization or excitations. Taking into ac-
count ionization potential of neutral atoms and average
photon energy (approximately 100 eV), a single photoelec-
tron, at best, can create three additional Ne+ ions. Electron

and ion densities in this case are still far below the initial
atomic density, thus the estimation is reasonable. In case of
the higher irradiation intensity, when using Source No. 2, it
can be easily calculated that the electron (or nNe+ ion) densi-
ty is approximately four times higher.
Intensities of emission lines are determined by a time inte-

gration of the density of the excited ions multiplied by the
spontaneous radiative decay rate. A significant difference
in the emission spectra of photoionized plasmas concerns
mainly relative intensities between 2s22p5–2s2p6 and
2s22p5–2s22p43l lines. To explain this difference we can con-
sider the 2s22p5–2s22p4(3P)3s transition. Density of the
2s22p4(3P)3s state can be obtained from the equation:

dn2
dt

= n1 ne〈 σe,12 v〉− n2 A21 (2)

where:n1is the density of singly charged Ne ions in the
ground state, n2 is the density of Ne ions in the 2s22p43s ex-
cited state, σe,12 is the cross-section for the electron impact
excitation to the 2s22p43s state, n is the electron speed, A12

is the rate of spontaneous emission for the 2s22p43s –

2s22p5 transition.
An equation for density of the 2s2p6 state should contain

additionally a contributing factor concerning photoionization
from the 2s shell. In this case, the equation can be expressed
as:

dn3
dt

= (nNe − nNe+) σ ph,3 F + n1 ne〈 σe,13 v〉− n3 A31 (3)

where n3 is the density of Ne ions in the 2s2p6 excited state,
σph,3 is the cross-section for photoionization of atoms to the
2s2p6 excited state, σe,13 is the cross-section for electron
impact excitation to the 2s2p6 excited state, and A31 is the
rate of spontaneous emission for the 2s2p6–2s22p5 transition.
In both the cases, the electron impact deexcitation can be

neglected due to low electron and ion densities. It should
be also pointed out that the electron impact excitation cross-
sections (Griffin et al., 2001) and spontaneous radiative
decay rates (Verner et al., 1996) for both the states have sim-
ilar values. In this case, relative intensities of the
2s22p5–2s2p6 and 2s22p5–2s22p43s lines will be strongly in-
fluenced by the term (nNe−nNe+) σph,3F. Its value decreases
with time due to decrease of neutral atoms density. Simulta-
neously the term n1 ne〈σe,13 v〉 increases as n2e . Taking into
account the corresponding cross-section for the inner-shell
photoionization (Samson & Stolte, 2002), its value, in
case of using the Source No. 1, can be estimated to be 6 ×
1022/cm3/s. For obvious reasons this term is dominating at
the beginning of the irradiation process, however, during
the irradiation electron and Ne+ ion densities increase and fi-
nally the collisional term reaches a comparable value to the
photoionization term. In case of using the Source No. 2 for
the creation of the photoionized plasma, the photoionization
term reaches the value approximately four times higher
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comparing with the Source No. 1. Simultaneously, however,
the collisional term reaches even ten times higher value,
which means that this term becomes dominating. It can be
thus concluded that relative decrease of the emission line,
corresponding to the 2s22p5–2s2p6 transition, is associated
with a significant increase of the collisional excitation over
inner-shell ionization.
Higher fluence of the EUV radiation pulses, in case of

using the Source No. 2, results also in presence of Ne III
and even Ne IV ions. The corresponding lines emitted in
the shorter wavelength range are presented in Figure 4b.
Their intensities are over 20 times smaller comparing with
the most intense lines from Figure 4a. There are, however,
also more intense Ne III lines corresponding to
2s22p4–2s2p5 transitions, clearly visible in the long wave-
length range. Their relatively high intensity is again associat-
ed with significant contribution of the inner-shell
photoionization, this time in Ne+ ions. None of these lines
was detected in case of using Source No. 1 for the photoion-
ized plasma creation.
The spectrum obtained from Ne plasma produced using

Source No. 3 is similar to the spectrum obtained using
Source No. 1. In both the cases emission lines originating
from Ne II ions have practically the same relative intensities.
On the other hand, the spectrum contains a single Ne III line
corresponding to 2s22p4–2s2p5 transition at the wavelength
of λ= 37.9 nm; however, it does not contain any other Ne
III lines. Excitation to the 2s2p5 state can be again associated
with the inner-shell photoionization; however, it can be also
caused by the inner-shell ionization by electrons with high
energy, up to 1 keV, not present in case of using the two
other sources. Two adjacent lines at λ= 73.6 and 74.4 nm
originating from neutral neon atoms, correspond to a reso-
nance and intercombination transitions, respectively. Their
intensity ratio in coronal equilibrium, which is valid for low-
density plasmas, should be proportional to the ratio of the
corresponding electron impact excitation rates. This ratio in
the wide energy range has the value of 3–5 (Tsurubuchi
et al., 2000), which corresponds to the value obtained in
the experiment. It would suggest that in case of these transi-
tions the collisional excitation is dominating. However, in
case of the two other sources this ratio is more or less
equal to 1. Reasons of this difference remain unclear.

5. SUMMARY

In this paper, first results of comparative investigations,
concerning photoionized Ne plasmas created using laser-
plasma-produced EUV and SXR sources of different
parameters, are presented. Significant differences between
experimental configurations concerning the irradiation con-
ditions are indicated. In all cases, the EUV emission spectra
of the excited atoms and singly charged Ne ions were regis-
tered. The most important differences between the spectra
concern relative intensities of the 2s22p5–2s2p6 doublet in re-
spect to the other Ne II lines and also relative intensities of

two adjacent lines, corresponding to 2s22p6–2s22p53s transi-
tions in neutral atoms. Apart from that, in case of the exper-
imental configuration with the highest fluence, multiple lines
corresponding to doubly and even triply charged ions were
detected. Atomic processes, dominating in photoionized
plasmas obtained for different irradiation conditions, were
analyzed. It was concluded that significant differences in rel-
ative intensities of the spectral lines are associated with dif-
ferent contributions of the inner-shell photoionization and
collisional excitation to population distribution of the excited
states during the process of photoionized plasma formation.
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