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Abstract. The double stream gas puff-based laser-produced plasma is studied as a source of soft X-ray
radiation in nm wavelength spectral range. Dynamics of plasma induced by Nd:YAG laser beam and its
emission is simulated with radiation-magnetohydrodynamic code Zstar. The modeling results for krypton
gas stream in an annular helium jet as a circumferential gas for various picosecond and nanosecond laser
pulses corresponding to the experiments are presented. The spatial–spectral features and temporal behavior
of the soft X-ray and EUV emission are investigated. Under ps pulse, the gas is rapidly ionized in the laser
beam channel, but it does not have enough time to shift sensibly during the pulse, and the plasma electron
density grows against the background of almost constant ion density during the ionization in the laser
radiation field. There is ionization instability only capable to be developed in ps range. At ns pulse,
the gas ionization and heating leads to gas pushing out of the channel, and the formation of a divergent
compression wave transforming into the shock wave. Behind the compression wave front, conditions arise for
the development of Rayleigh–Taylor-type instability. The instability leads to the redistribution of plasma
temperature and density, and to the formation of increased soft X-ray emission spots. Time evolution of
spatial distributions and spectral characteristics of emitted SXR radiation is analyzed for different laser
pulses. Transient effects in multicharged ion plasma are discussed, fundamental understanding of those is
required for optimization of plasma radiation source. A conversion efficiency of laser energy into soft X-ray
wavebands from krypton plasma is scanned by laser parameters and analyzed.

1 Introduction

The high brightness extreme-ultra-violet (EUV) and
soft X-ray (SXR) plasma emission, particularly in the
water-window spectral range from 2.33 to 4.4 nm wave-
length, is of great interest in academic research on
non-equilibrium radiative processes in the matter and
in possible plasma applications for biomedical SXR
microscopy [1–4], material processing [5], near edge x-
ray absorption spectroscopy [6–8], scintillation [9], EUV
and SXR lithography [10,11], actinic inspection [12],
metrology [13], etc. SXR and EUV in the wavelength
ranging from about 1 nm to 50 nm can be efficiently
emitted from the plasma generated by interaction of
laser pulses with matter. Dense and hot laser-produced
plasma (LPP) emitting SXR may be created either in a
gas or on a surface of a solid- or liquid-state target [14–
17]. The target substance, heated by monochromatic
low-energy photon but intensive laser light, passes to
a plasma state through a sequence of quantum, collec-
tive and subsequent thermalization effects. The plasma
reemits the absorbed laser energy in a wide range
EUV/SXR spectrum depending on its composition.
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However, the conventional laser plasma sources based
on a solid/liquid target have serious debris production
problem. To avoid this problem gas puff targets pro-
duced by means of nozzles are applied for LPP SXR
and EUV radiation sources. Recent experiments with
gas puff targets showed that emission generated from
laser plasma created by picosecond laser pulses is more
efficient when compared to nanosecond laser pulses [17–
19]. A higher conversion efficiency achieved in interac-
tion of shorter laser pulses with nitrogen gas puff tar-
gets has already been explained by detailed computer
simulations of experiments with nitrogen gas puff and
different pulse durations [20]. If the nitrogen gas is used,
only a few distinct spectral lines from Be- to H-like ions
are positioned in the water-window spectral band and
below [21]. This limits the conversion efficiency into the
emission in spectral band required.

The laser plasma generated in gas puff targets with
higher atomic numbers (e.g., argon, krypton or xenon)
emits the radiation consisting of many overlapping lines
providing like unresolved transition array spectra. If the
plasma is created by picosecond laser pulse, the peak
value of the spectral intensity is considerably shifted
towards shorter wavelengths compared to the position
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of the peak value achieved with nanosecond laser pulse
excitation [22].

To improve the debris-free property of gas puff and
to suppress in part the radial expansion of the target
gas-jet, a double-stream gas puff target created by injec-
tion of high-Z driver gas (xenon, krypton, argon, etc.)
into a hollow stream from low-Z gas as helium has been
proposed [15]. Due to the shielding effect, the buffer-
ing helium stream efficiently suppresses the amount of
debris. At the same time, due to low-Z, the buffering
helium stream is almost transparent for SXR and EUV
emission of the high-Z driver gas and doesn’t reduce
the conversion efficiency.

Strong SXR and EUV emissions from laser plasma
based on a double-stream gas puff have been demon-
strated [23] and have been used in variety of applica-
tions in science and technology. The source was suc-
cessfully applied for construction of EUV and soft X-
ray microscopes with sub-100 nm resolution [1,3]. A
compact source dedicated for application in metrology
[13] has been developed and used for testing of optical
elements for SXR and EUV ranges. The laser plasma
EUV/ SXR source dedicated for material processing
and photo-induced plasma studies has been also devel-
oped [6]. It was recently used for construction of new
setups dedicated for soft X-ray absorption spectroscopy
and the optical coherent tomography using soft X-rays.

SXR and EUV generations were widely and carefully
studied experimentally, while there are few results only
on theoretical research and computer simulations. The-
oretical studies and computer simulations of the radia-
tion generation process using plasma codes are strongly
required.

The high-energy density effects based particularly
on laser pulse action on a target required are used to
produce the radiating plasma. Heated up by intensive
laser light, the target gas passes to a plasma state. The
plasma gets hot, moves fast and reemits a part of the
absorbed laser energy in a wide range EUV/SXR spec-
trum depending on its composition. Such transient LPP
itself is in non-equilibrium state.

The absolute value of conversion efficiency of the laser
light into EUV/SXR or harder radiation range depends
on a number of laser parameters in a complicated man-
ner, e.g., under a given laser intensity the conversion
efficiency increases with laser energy even for longer
laser pulse or wider laser focusing. This is a result
of transient effects in multicharged ion plasma which
requires a fundamental understanding for optimization
of a plasma radiation source.

In the presented paper, the theoretical aspects of
the collaboration with experimental group at Institute
of Optoelectronics, Military University of Technology,
Warsaw, Poland, are considered on physics of emis-
sion properties and dynamics of LPP of double stream
gas-puff in a wide range of Nd:YAG laser pulse energy
and pulse duration. Accurate numerical modeling with
the help of radiation-magnetohydrodynamics (RMHD)
numerical code Zstar of transient non-equilibrium plas-
mas self-consistently with ionization phenomena and
radiation transfer are performed, and conversion effi-

ciencies in SXR spectral ranges at various laser param-
eters are compared. The time resolved detailed line
emission spectrum in the water-window spectral range
is estimated using post-processing based on calcula-
tions of atomic structures and level populations in
ions upon the Hartree–Fock–Slater (HFS) quantum-
statistical model accounting all possible transitions
between the levels including single- and double-excited
states.

2 Modeling of double-stream gas puff with
Zstar code

The RMHD plasma code Zstar [24] is applied to sim-
ulate self-consistently the plasma dynamics with ion-
ization effects and radiation transport in laser and dis-
charge plasmas. Zstar is a 2-D computational code in
cylindrical geometry designed to focus specifically in
the simulation of a multicharged ion plasma in experi-
mental and industrial facilities. It uses either a radiative
magnetohydrodynamic approach to simulate dynam-
ics of quasi-neutral plasma or electron-hydrodynamic
(or particle-in-cell) approach to simulate flows of elec-
trons in a weakly ionized gas. In RMHD approach, the
mathematical model is based on a completely conserva-
tive, implicit difference scheme in Euler–Lagrange vari-
ables, when the main conservation laws (mass, energy,
momentum, angular momentum) are fulfilled automat-
ically in the system. Plasma radiation properties, ion-
ization and equation of state (EOS), as well as exci-
tation and ionization rates, and plasma kinetic coeffi-
cients are calculated by means of interpolations from
a set of tables prepared in pre-processing with the
Hartree–Fock–Slater (HFS) model [25] and ionization
kinetics [24] in both the optically thick LTE, and the
transparent non-LTE limits. The actual non-LTE con-
dition at any instant is modeled by analytical inter-
polation between these two limits [26]. The radiation
field in the quasi-stationary approximation is found
by integrating the radiation transport equation along
the trajectories under cylindrical symmetry conditions
[27]. The non-equilibrium radiation physics with self-
absorption/emission is included in this code. Emission
characteristics in selected spectral ranges may be fol-
lowed.

The laser light transport is calculated by means of
two-direction transfer model [28] taking into account
an absorption and reflection of the laser light along
its trajectories. The laser light absorption coefficient
includes an interaction of radiation with electrons, ions
and neutral atoms: by means of collisional (inverse-
bremsstrahlung) absorption with plasma dispersion
properties [29], resonant absorption (a critical density
effect due to Langmuir plasma oscillation resonant exci-
tation) [29]. The effective bound–bound excitation cal-
culated from spectral tables at laser quantum energy
with taking into account the induced deexcitation and
a probability of dissipation of absorbed laser energy
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to thermal energy, direct ionization (if laser quantum
energy is higher than the photo-ionization threshold)
calculated from spectral tables or tunnel ionization (if
laser quantum energy is lower than the ground state
ionization energy) [30] are included in the model as
well. More detailed description on models, numerical
methods and difference schemes on solvers implemented
in Zstar RMHD code, database contents and various
examples of simulations as well can be found in [24,31].

Actual simulations were done for LPP EUV and SXR
radiation source with double stream gas-puff of He:Kr
and other gases under Nd:YAG laser (with light wave-
length of 1.064 nm) interaction with various laser pulse
durations and pulse energies. The input parameters of
laser and double gas-puff stream in Fig. 1 are chosen
according to the experiments performed at the Insti-
tute of Optoelectronics at MUT in Warsaw [32]. The
gas streams are approximated by gas layers. The thick-
ness of the layers is chosen to be equal to the diameter
of the gas streams at the position of interaction with
the laser beam, i.e., the krypton layer is estimated as
1.2 mm thickness between two helium layers of 0.9 mm
depth each. The initial gas pressure in the layers of
krypton and helium was chosen as equal to each other
and was defined by optimization of SXR emission. The
initial mass density of krypton gas for picosecond laser
pulses was of 2.9 · 10−4 g/cm3 and for nanosecond laser
pulses was of 5.8·10−4 g/cm3. These initial gas densities
were chosen as uniform in the layers. In the simulated
geometry, the axis of symmetry coincides with the laser
beam axis Z.

The considered laser energies varied from 500 mJ
to 8 J and the pulse durations with full width half
maximum (FWHM) at Gaussian temporal profiles were
taken from 150 ps to 10 ns. The laser beam has a
Gaussian radial profile and propagates in the opposite
direction to the Z axis, it is focused (with 25 cm focal
length) into the center of krypton gas layer with focal
spot diameter from 60µm to 400µm FWHM. The laser
power considered provides a laser light intensity of the
order of TW/cm2 in the focal spot. Four sets of param-
eters such as laser energy, pulse duration and focusing
degree simulated were considered below to demonstrate
the key physical features at He:Kr double stream gas-
puff LPP conditioning the plasma emission in different
SXR spectral ranges.

3 Simulation results and discussion

3.1 Picosecond laser plasma dynamics

The incident laser beam of TW/cm2 intensity causes
the fast gas ionization due to the tunnel effect, an effi-
cient acceleration of free electrons and a high rate of
their collisions with atoms, which lead to a laser–plasma
discharge development and fast plasma formation. The
laser light absorption increases self-consistently with
ionization. The laser energy is absorbed in the kryp-

ton layer mainly. As it follows, the plasma temperature
and its pressure increase.

3.1.1 Results on laser with energy 500 mJ, pulse 150 ps,
intensity 1.67 TW/cm2

At picosecond times, plasma ions do not have enough
time to shift significantly, the plasma electron density
grows against the background of almost constant ion
density due to ionization in the laser radiation field.
This effect can be seen in Fig. 2, which shows: (a)
plasma mass-density and (b) electron density distribu-
tions at 300 ps, corresponding to the plasma SXR radia-
tion peak for the laser pulse of energy 500 mJ. The laser
pulse duration is 150 ps FWHM focused into the spot
of 400µm FWHM in the center of the krypton layer,
which corresponds to the laser intensity amplitude of
1.67 TW/cm2 in the focal spot.

Under laser irradiation, the electron density in the
laser channel increases up to Ne = 4.8 · 1019 cm−3

(in Avogadro units Ne = 8 · 10−5 Av) and doesn’t
exceed the critical one Nc = 1021 cm−3 (1.66 · 10−3 Av)
for Nd:YAG laser light. Therefore, the laser radiation
penetrates through the entire Kr layer depth damp-
ing exponentially. The electron temperature shown in
Fig. 2c reaches Te = 91 eV near the upper Kr–He inter-
face of Kr layer to the time moment of 300 ps. It is
higher than the ion temperature Ti = 58 eV, because
the laser energy is absorbed by the plasma electrons.
The average ion charge in krypton reaches a value of
〈Z〉 = 23 at the electron temperature maximum. The
plasma is in non-equilibrium state; its emission is par-
tially reabsorbed increasing the ionization degree sig-
nificantly with respect to transparent plasma case [33].

The laser pulse power, laser absorption, spectrum
integrated plasma emission and SXR emission in 2.887–
3.234 nm waveband are represented in Fig. 3. A time
integration of the emission power gives the following
values: the krypton plasma absorbs of 345 mJ (or 69%
of laser energy), the energy emitted in full spectrum
is of 139 mJ, the SXR energy emitted in a hard half
of the water-window 2.47–3.234 nm waveband (below
it will be mentioned as “hard water-window”) is of 6
mJ (or 1.2% of laser energy), in a harder spectral band
0.207–2.47 nm it is of 0.9 mJ (or 0.18% of laser energy).
In Fig. 4, a spatial distributions of plasma emittance in
SXR radiation wavelength band 2.8867 < λ < 3.234
nm are represented: (a) an instant value at a moment
of peak emission t = 300 ps in MW/cm3, (b) a time-
integrated value in J/cm3. The time-integrated in-band
SXR source is localized near the upper Kr–He inter-
face of Kr layer and looks like a solid hemisphere with
diameter of 225µm FWHM. But the instant emis-
sion in this band is more like a shell of hemisphere
of 250µm FWHM diameter. If to compare the image
Fig. 4a of the instant emittance with the electron tem-
perature distribution in Fig. 2c, one can see that the
instant in-band 2.8867 < λ < 3.234 nm SXR emis-
sion at the maximal temperature and highest ionization
degree is lower than in the “source shell” with electron
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Fig. 1 a Typical schematic of double gas puff target irradiated with a laser and b zoomed simulated geometry of the
central part of the double gas puff target with (R,Z) axes

temperature of 80 ÷ 81 eV and average ion charge of
〈Z〉 ≈ 19.5÷20.5, which is optimal [33] for the emission
in the 2.8867 < λ < 3.234 nm waveband. That explains
the instant shape of in-band SXR source, as the time-
integrated one includes a evolution of plasma through
the optimal ionization state.

To the end of the laser pulse, the Kr plasma races a
speed of spread under action of the increased plasma
pressure in the opposite to the laser flux direction up
to vz = 1.0 · 106 cm/s and in a radial direction up to
vr = 1.2 · 105 cm/s. This plasma spread reduces the
plasma density and its temperature in a long time after
SXR pulse from plasma. The longer wavelength plasma
emission in UV and vacuum-UV continues over 3 ns
duration (Fig. 3).

3.1.2 Results on laser with energy 500 mJ, pulse of 150
ps, intensity 2.45 TW/cm2

The simulations results for an increased laser intensity
are shown in Fig. 5, notably: (a) the plasma mass-
density and (b) electron density distributions at 269
ps corresponding to the plasma SXR radiation peak for
the laser pulse with energy 500 mJ and duration 150
ps FWHM focused in the focal spot of 330µm FWHM,
which corresponds to the laser intensity amplitude in
the focal spot 2.45 TW/cm2.

At given laser intensity in picosecond time range, the
Kr plasma spreads under action of the increased plasma
pressure in the opposite to the laser flux direction up
to vz = 1.5 · 106 cm/s and in a radial direction up to
vr = 2.3·105 cm/s. The plasma ions do not have time to
move away from the laser channel and an increase in the
plasma electron density occurs against the background
due to ionization in the laser radiation field.

Under laser irradiation, the electron density in the
laser channel increases up to Ne = 5.4 · 1019 cm−3

(9 · 10−5 Av) and doesn’t exceed the critical one Nc =
1021 cm−3 (1.67 · 10−3Av) for Nd:YAG laser light.
Therefore, the laser radiation penetrates through the

Kr layer depth damping exponentially. The electron
temperature represented in Fig. 5c reaches Te = 175
eV at 269 ps and located near the upper Kr–He inter-
face of Kr layer. It exceeds the ion temperature Ti = 74
eV. The average ion charge of krypton reaches a value
of 〈Z〉 = 26 near the electron temperature maximum.
The plasma is non-equilibrium; its emission is partially
reabsorbed increasing the ionization degree significantly
with respect to transparent plasma case [33].

The laser pulse power, laser absorption, spectrum
integrated plasma emission and SXR emission in 2.887–
3.234 nm waveband are represented in Fig. 6. A time
integration of emission power gives: the krypton plasma
absorbs of 361 mJ (or 72% of laser energy), the energy
emitted in full spectrum is of 175 mJ, the SXR energy
emitted in 2.47–3.234 nm waveband is of 20.7 mJ (or
4.1% of laser energy), in a harder spectral band 0.207–
2.47 nm it makes of 5.6 mJ (or 1.1% of laser energy).
Spatial distribution of plasma emittance in SXR radi-
ation wavelength band 2.8867 < λ < 3.234 nm is rep-
resented in Fig. 7: (a) an instant value at a moment
of emission maximum t=269ps, (b) a time-integrated
value. The time-integrated in-band SXR source is local-
ized near the upper Kr–He interface of Kr layer and
looks like a shell of hemiellipsoid with diameter of
320µm FWHM prolate along Z-axis. The instant in
band SXR emittance has a shape close to a hemiellip-
soidal shell with the same diameter, but is thinner and
not homogeneous, several periodical variations may be
distinguished. If to compare the emittance in Fig. 7 to
the electron temperature distribution in Fig. 5c, one
can see that the instant in-band 2.8867 < λ < 3.234
nm SXR emission at peak temperature and maximal
ionization is lower than in the “shell-like source” with
electron temperature of 80 ÷ 81eV and the average ion
charge of 〈Z〉 ≈ 19.5 ÷ 20.5, which is optimal for the
emission in the 2.8867 < λ < 3.234 nm waveband. The
variations in the instant emittance are produced dur-
ing ionization instability of multicharged ion plasma in
the intensive laser field, which is conditioned by strong
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Fig. 2 Spatial distributions of plasma quantities: a mass-
density in g/cm3, b electron density Ne in Avogadro units
(Av = 6.0·1023cm−3) and c electron temperature Te in eV
at time-moment 300 ps for 500 mJ : 150 ps : 1.67 TW/cm2

laser pulse and at initial Kr gas mass density of 2.9 · 10−4

g/cm3

Fig. 3 Time dependencies of laser power, absorbed power
by plasma, emitted spectrum integrated radiation power,
emitted SXR radiation power in the spectral band 2.8867 <
λ < 3.234 nm for 500 mJ : 150 ps : 1.67 TW/cm2 laser pulse

dependence of laser light collisional absorption (inverse-
bremsstrahlung) on plasma ionization degree, e.g., in
the case ν2

ei ; ω2
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and of the plasma ionization degree on the plasma elec-
tron temperature

〈
Z2

〉 ∼ Tα
e , at α > 5/4 in certain

range of the plasma temperatures. Also, an instabil-
ity of Rayleigh–Taylor-type, initiated in formation of
a divergent compression wave from the laser-discharge
channel, may start to appear. The Rayleigh–Taylor
instability is clearly manifested at nanosecond laser
pulses, and its mechanism will be explained in detail
below, during nanosecond laser plasma consideration.
It should be said that the nor ionization instability, nor
Rayleigh–Taylor instability was not manifested in pre-
vious smaller intensity laser pulse due to lower plasma
pressure in the laser channel and twice less plasma
spread speed. In the time-integrated shape of in-band
SXR source the spots disappear, because it includes a
complete plasma evolution through the optimal ioniza-
tion and temperature instant. If to compare with the
previous smaller intensity laser pulse, the temperature
is much higher at increased laser intensity and the vol-
ume occupied by the plasma at optimal temperature of
80÷81eV for the in-band SXR emission is larger as well
and consequently the in-band SXR emission multiplies
in 4 times almost, exceeding 4% of the laser energy.

At the same time, the raised electron temperature at
higher laser intensity provides a considerable contribu-
tion to the emission in harder radiation spectrum: it
composes up to 1% of the laser energy in 0.2 < λ < 2.4
nm waveband.

A further plasma spread lowers the plasma density
and its temperature for a long time after SXR pulse gen-
erated in plasma. The longer wavelength plasma emis-
sion in UV, vacuum-UV lasts over 3 ns (see, Fig. 7).
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Fig. 4 Spatial distribution of emittance in SXR radiation
wavelength band 2.8867 < λ < 3.234 nm: a an instant value
at a moment of emission peak t=300ps in MW/cm3, b a
time-integrated value in J/cm3 for 500 mJ : 150 ps : 1.67
TW/cm2 laser pulse. The negative values correspond to the
reabsorption

3.2 Nanosecond laser plasma dynamics

The incident laser beam of TW/cm2 intensity causes
the fast gas ionization due to the tunnel effect, an effi-
cient acceleration of free electrons and a large rate of
their collisions with atoms, which lead to a laser–plasma
discharge development and a fast plasma formation.
The laser light absorption increases self-consistently
with ionization. The laser energy is absorbed in the
krypton layer mainly. The plasma temperature and its
pressure increase. On influence of the increasing plasma

Fig. 5 Spatial distributions of plasma quantities: a mass-
density in g/cm3, b electron density Ne in Avogadro units
and c electron temperature Te in eV at time-moment 269
ps for 500 mJ : 150 ps : 2.45 TW/cm2 laser pulse and at
initial Kr gas mass density of 2.9·10−4 g/cm3
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Fig. 6 Time dependencies of laser power, absorbed power
by plasma, emitted spectrum integrated radiation power
and emitted SXR radiation power in the wavelength band
2.8867 < λ < 3.234 nm for 500 mJ : 150 ps : 2.45 TW/cm2

laser pulse

pressure the krypton plasma expands from the zone of
laser absorption in the opposite to the laser flux direc-
tion mainly and in a radial direction. The plasma spread
leads to the gas pushing out of the channel and the for-
mation of a divergent compression wave transforming
into the shock wave.

3.2.1 Results on small LPP source with laser energy 0.6
J, pulse 3 ns, intensity 4.15 TW/cm2

To the laser pulse intensity peak, the Kr plasma
expands under action of the increased plasma pres-
sure in the opposite to the laser flux direction up
to vz = 5.4 · 106 cm/s and in radial direction up to
vr = 2.5 · 105 cm/s. The plasma spreads out of the
laser channel and the formation of a divergent com-
pression wave may be seen in Fig. 8a. In Fig. 8 are
shown: (a) the plasma mass-density and (b) electron
density distributions at 3.787 ns corresponding to the
plasma SXR radiation maximum for the laser pulse
of 600mJ energy and duration 3ns FWHM focused
in the focal spot of 63.2µm FWHM, which corre-
sponds to the laser intensity amplitude in the focal spot
4.15TW/cm2. In the compression wave, the Kr plasma
mass density increases from initial 5.8 · 10−4 g/cm3 to
6.9÷7.8 ·10−4 g/cm3. In the laser channel plasma mass
density drops down to 3 · 10−4 g/cm3.

Under laser irradiation, the electron density in the
laser channel increases up to Ne = 1.26 · 1019 cm−3

(7.6 · 10−5 Av)4 and doesn’t exceed the critical one
Nc = 1021 cm−3 (1.66 ·10−3Av) for Nd:YAG laser light.
Therefore, the laser radiation penetrates through entire
Kr layer depth damping exponentially. The electron
temperature represented in Fig. 8c reaches Te = 91
eV at 3.787 ns near the upper Kr–He interface in
Kr layer. It excels the ion temperature Ti = 85 eV.
The average ion charge of krypton reaches a value of
〈Z〉 = 22 at the peak of electron temperature. The
plasma is in non-equilibrium state, its emission is par-

Fig. 7 Spatial distribution of emittance in SXR radiation
wavelength band 2.8867 < λ < 3.234 nm: a an instant
value at a peak of emission t = 269 ps in MW/cm3, b a
time-integrated value in J/cm3 for 500 mJ : 150 ps : 2.45
TW/cm2 laser pulse. The negative values correspond to the
reabsorption

tially reabsorbed increasing the ionization degree sig-
nificantly with respect to transparent plasma case [33].

The laser pulse power, laser absorption, spectrum
integrated plasma emission and SXR emission in 2.887–
3.234 nm waveband are represented in Fig. 9. A time
integration of emission power permits to obtain the fol-
lowing values: the krypton plasma absorbs of 0.47 J (or
78% of laser energy), the energy emitted in full spec-
trum is of 0.33 J, the SXR energy emitted in 2.47–3.234
nm waveband is of 36 mJ (or 6% of laser energy), the
emitted energy in a harder spectral band 0.207–2.47
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nm is of 5.3 mJ (or 0.9% of laser energy). In Fig. 10, a
spatial distribution of plasma emittance in SXR radia-
tion wavelength band 2.8867 < λ < 3.234 nm is shown:
(a) an instant value at a moment of peak emission at
t = 3.787ns, (b) a time-integrated value. The time-
integrated in-band SXR source is localized near the
upper Kr–He interface of Kr layer and looks like a solid
ellipsoid with diameter of 125µm FWHM, prolate along
Z axis with dimension of 163µm. The instant emission
in this band has a hemiellipsoidal shell with the same
diameter and a little bit smaller dimension of 156µm
in Z-axis. The instant in-band SXR emittance is not
homogeneous, some variation in emittance may be dis-
tinguished between 32TW/cm3 and 38TW/cm3 with
a slight change in electron temperature (∼ 2%) and
in plasma density as well (∼ 1%). If to compare the
image Fig. 10a of the instant emittance with electron
temperature distribution in Fig. 8c, one can see that
the instant in-band 2.8867 < λ < 3.234 nm SXR emis-
sion at the peak temperature and the maximal ioniza-
tion degree is lower than in the “source shell” with the
electron temperature of 80 ÷ 81 eV and average ion
charge of 〈Z〉 ≈ 19.5 ÷ 20.5, which is optimal condition
for the emission in 2.8867 < λ < 3.234 nm waveband.
The presence of the variations in the instant emittance
is conditioned by a development of Rayleigh–Taylor-
type instability, initiated in formation of a divergent
compression wave from the laser-discharge channel. For
given laser pulse, the instability is weak enough and
produces just slight variation noted. This instability is
clearly manifested at larger energy nanosecond laser
pulses, and its mechanism will be explained in detail
below in the 7.1 J/1.1 ns laser pulse consideration. In
the time-integrated shape of in-band SXR source, the
spots overlay, because the integral includes a complete
evolution of plasma through the optimal ionization and
temperature instant.

If to compare the result with the previous case of less
intensity picosecond laser, the mass density of plasma at
optimal temperature of 80÷81eV is larger and emission
duration for the in-band SXR is longer. So the in-band
SXR emission grows, exceeding 6% of the laser energy.
Considerable emission in harder radiation in 0.2 < λ <
2.4 nm waveband is 0.9% of the laser energy.

The multigroup radiation transport approach used
in RMHD Zstar provides the non-equilibrium self-
consistent with plasma state radiation features but with
limited spectroscopic information on emission gener-
ated from plasma averaged in spectral groups without
detailed resolution of spectra in lines. To analyze the
detailed spectra and contribution of line emission into
the water-window spectral region, the atomic structure
of every ion with maximum amount of possible transi-
tions between the excited states including single- and
double-excited configurations has to be defined. Calcu-
lations of spectral emissivity for multicharged ions were
done using the configuration interaction (CI) method
[34] with 2 to 3 single-excited configurations consid-
ered together with the ground state configuration.
The atomic levels and transition strengths were com-
puted using Flexible Atomic Code (FAC) [35]. Resulted

Fig. 8 Spatial distributions of plasma quantities: a mass-
density in g/cm3, b electron density Ne in Avogadro units
and (c) electron temperature Te in eV at 3.787 ns for 600
mJ : 3 ns : 4.15 TW/cm2 laser pulse and at initial Kr gas
mass density of 5.8·10−4 g/cm3
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Fig. 9 Time dependencies of laser power, absorbed power
by plasma, emitted spectrum integrated radiation power
and emitted SXR radiation power in the wavelength band
2.8867 < λ < 3.234 nm for 600 mJ : 3 ns : 4.15 TW/cm2

laser pulse

atomic level energy structure and transition energies
were corrected with the data obtained by THERMOS
code based upon quantum-statistical HFS model [25].
Line emission spectra can be described by the spec-
tral emissivity coefficient jω in bound–bound transi-
tions, which includes level populations and oscillator’s
strengths of transitions fνμ

jω =
e2�

mec3

∑

ν,μ

ω3Ninμ
gν

gμ
fνμφω (2)

Here, �ω is the μ → νtransition energy; Ni is the
number of ions per unit volume; nμ the relative popu-
lation of the level µ; gν and gμ are statistical weights
of level ν and level μ, respectively; ϕω is a spectral
line profile. The Gaussian profile was applied for spec-
tral line broadening ϕω, that includes both Doppler and
Stark effects.

Kr XIV–Kr XVIII lines contribute intensively to the
water-window spectral region [33]. The satellite and res-
onant transitions ensure strong lines below 4 nm. Due to
the fact that the number of 3d-shell electrons drops with
a greater ion charge, the number of states with lines act-
ing in the water-window diminishes and the transition
array narrows. In Kr XVIII ([Ar]3d) the 3p shell isn’t
completed. The transitions with the inner-shell electron
3p (e.g., 3p63d–3p53d4d) form a large array of lines
in the 2–4 nm band. The resonant transitions 3p63d–
3p6Xx lie completely in the water-window range and it
arrives to produce emission in the hard water-window
range (3d1–5p1 is at around 2.9 nm). The subsequent
highly charged Kr XIX–Kr XXII ions and next have
a number of strong lines situated below 3 nm in the
hard water-window range, including the resonant tran-
sitions 3pn–3pn−1Xx. Since Kr XXI a considerable part
of emission hits below 2 nm as well. From ions higher
Kr XXIII the emission in the hard water-window range
starts to diminish, they provide an emission in shorter
spectral range. That is resumed in Fig. 11, presenting
a resulting spectral emissivity for krypton ions consid-

Fig. 10 Spatial distribution of emittance in SXR radiation
wavelength band 2.8867 < λ < 3.234 nm: a an instant value
at a moment of peak emission t = 3.787ns in MW/cm3, b
a time-integrated value in J/cm3 for 600 m J : 3ns : 4.15
TW/cm2 laser pulse. The negative values correspond to the
reabsorption

erably contributing into hard water-window waveband
[32,33]. The SXR radiation in 2.47–3.234 nm waveband
is emitted from krypton plasma by ions from Kr XVIII
to Kr XXIII.

To calculate a radiation transport in non-equilibrium
plasma with tremendous amount of lines is not realistic
yet. Therefore, a post-processing approach is applied for
detailed emission spectrum treatment based on calcu-
lated detailed spectral properties described above and
on the spectral escape factor calculated with multi-
group radiation transport during RMHD simulation.
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Fig. 11 Calculated weighted oscillator strengths in krypton ions Kr XVIII–Kr XXIII intensively contributing into hard
water-window waveband and their normalized profile (please note that the ranges for gf and for normalized values are not
equal)

It uses data on spatial-temporal plasma parameters
distributions (distribution of plasma density, temper-
atures, etc.) from Zstar-code simulation data to calcu-
late an emission capability of plasma. An example of
the instant entire plasma volume emission capability
calculated at different time instants is represented in
Fig. 12a.

The spectral escape factor is calculated as

qω(t) =

∫
V

GωdV

4π
∫

V
jω dV

(3)

where Gωis the specific spectral radiation power (emit-
tance), e.g., the calculated one is presented in Fig. 10,
particularly for the waveband of 2.8867 < λ < 3.234
nm; jω is the specific spectral emission capability (emis-
sivity) of the substance into a unit of solid angle (in
the code Zstar it is approximated from atomic tables
calculated in pre-processing). The spectral escape fac-
tor characterizes a fraction of radiation at frequency

ω escaping of the volume V. It permits to estimate
the detailed output spectrum from known jω without
explicit integration of the radiation transport equation.
Then, the calculated instant entire plasma volume emis-
sion capability (see, Fig. 12) with addition of a contin-
uum spectral part is multiplied by the spectral escape
factor to obtain the detailed spectral emission power in
the waveband desired. A time integrated detailed spec-
tral output for simulated LPP with given parameters is
represented in Fig. 12b.

3.3 Results on large LPP source with laser energy
7.1 J, pulse 1.1 ns, intensity 3.34 TW/cm2

The laser energy is absorbed in the krypton layer
mainly. The plasma temperature and its pressure
increase. To the end of the laser pulse, the Kr expands
under the impact of the increased plasma pressure in
the opposite to the laser flux direction with the veloc-
ity up to vz = 1.5 · 107 cm/s and in a radial direction
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Fig. 12 Resulting spectral data He:Kr double gas puff sim-
ulation from entire plasma volume for 600 mJ : 3 ns :
4.15 TW/cm2 laser pulse: a normalized instant detailed line
emission capability in EUV/SXR range at different time-
moments from 2.83 to 4.77 ns; b time-integrated detailed
emission spectrum weighted with the spectral escape factor
in 230 ÷ 500 eV spectral range

with the velocity up to vr = 7.4·106 cm/s, which consid-
erably exceeds the sound speed and a strong divergent
shock wave forms.

In Fig. 13, the results of plasma modeling at t = 1.98
ns are shown, corresponding to the peak of plasma SXR
radiation for the laser pulse of 7.1 J energy and dura-
tion 1.1 ns FWHM focused in the focal spot of 400µm
FWHM, which matches to the laser intensity amplitude
in the focal spot of 3.34TW/cm2: (a) the plasma mass-
density and (b) electron density distributions and (c)
the electron temperature. The electron density doesn’t
exceed the critical one Nc = 1021 cm−3 (1.67 · 10−3 Av)
for Nd:YAG laser light. Therefore, the laser radiation
penetrates through the entire Kr layer depth damping
exponentially. In Fig. 13b, one may observe a secondary
ionization of the krypton plasma outside the laser chan-
nel by SXR plasma emission from the central zone and
its reabsorption in surrounding cold gas.

The electron temperature represented in Fig. 13c
reaches Te = 306 eV in the laser channel to the time
moment of t = 1.98 ns in the region located near the
upper Kr–He interface of Kr layer. It overcomes the

ion temperature Ti = 296 eV due to laser heating.
The average ion charge of krypton reaches a value of
〈Z〉 = 29 near the peak of electron temperature. The
plasma is in non-equilibrium state, its emission is par-
tially reabsorbed increasing the ionization degree sig-
nificantly with respect to transparent plasma case [33].

Heating with laser light, ionization and consequent
increase in plasma pressure leads to expansion of the
plasma from the laser absorption channel and forma-
tion of a divergent compression wave transforming fur-
ther to a shock wave. Behind the shock wave front, the
ion temperature of krypton plasma is higher than the
electron one due to the viscous heating of ions in the
shock wave primary.

The laser pulse power, laser absorption, spectrum
integrated plasma emission and SXR emission in 2.887–
3.234 nm waveband are represented in Fig. 14. The
emission power integration over a time gives: the kryp-
ton plasma absorbs of 5.49 J (or 77% of laser energy),
the energy emitted in full spectrum is of 4.34 J, the
SXR energy emitted in 2.47–3.234 nm waveband is of
0.62 J (or 8.7% of laser energy), and in a harder spectral
band 0.207–2.47nm the emitted energy reaches 1.22 J
(or 17% of laser energy). Three main peaks and irreg-
ular vibrations are observed in SXR emission power
profile. Spatial distribution of SXR plasma emittance
in wavelength band of 2.8867 < λ < 3.234 nm at three
peaks together with the time-integrated are represented
in Fig. 15: (a) an instant value at three consequent
time moments t = 0.86 ns, t = 1.98 ns (SXR emis-
sion maximum) and t = 2.99 ns in MW/cm3; (b) a
time-integrated value in J/cm3 for 7.1 J : 1.1 ns : 3.34
TW/cm2 laser pulse. The negative values correspond
to where the SXR reabsorption predominates over the
SXR emission. The time-integrated in-band SXR source
is localized near the upper Kr–He interface of Kr layer
and looks like an inhomogeneous shell of hemisphere
with diameter of 780µm FWHM slightly oblate along
Z-axis, consisting of spots. The instant emission in this
band has an inhomogeneous hemisphere shell profile
with diameter of 680µm FWHM slightly oblate along
Z axis, consisting of spots also. If to compare Fig. 15
of the emittance to electron temperature distribution
in Fig. 13c, one can see that the instant SXR emis-
sion in-band 2.8867 < λ < 3.234 nm at a peak of
temperature and ionization is less then in the “shell-
like source” with the electron temperature of 87 ÷ 92
eV and the average ion charge of 〈Z〉 ≈ 19.5 ÷ 20.5,
which is optimal for the emission in such waveband.
These conditions are achieved just behind the shock
wave front, where Kr plasma mass-density increases up
to ρ = 8.7 ·10−4 g/cm3 and the electron density is up to
Ne = 1.3 · 1020 cm−3 (2.1 · 10−4Av). Kr plasma ioniza-
tion equilibrium for optimal charge is shifted to higher
temperatures with respect to previous ps and ns cases
because of greater plasma density. In that zone behind
the shock wave front, the ion temperature of krypton
plasma is Ti = 103÷108 eV. A significant excess of the
ion temperature over the electron one is a characteristic
feature of the shock wave. The SXR emission is local-
ized exactly behind the divergent shock wave front and
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expands with it. The most optimal ionization degree
for SXR emission in 2.8867 < λ < 3.234 nm waveband
together with large enough volume occupied by emit-
ting plasma is realized at t = 1.98 ns corresponding to
the maximum of SXR emittance.

The presence of bright spots in the instant and time-
integral emittance is conditioned by a development
of Rayleigh–Taylor-type instability, initiated in forma-
tion of a divergent compression wave from the laser-
discharge channel. Heating with laser light, ionization
and consequently increase in plasma pressure leads to
expansion of the plasma from the laser absorption chan-
nel and formation of a divergent compression wave
transforming to a shock wave. At the compression wave
front, the plasma density rises, and decreases behind
the front, although the plasma pressure maximizes in
the absorption zone of laser light behind the compres-
sion wave front. Thus, a state occurs when the pressure
gradients and plasma density are oppositely directed,
i.e., ∇P · ∇ρ < 0. This condition corresponds to insta-
bility criterion of the Rayleigh–Taylor type instability
[36]. A typical distribution of plasma density and tem-
perature of the krypton target under laser irradiation is
presented in Fig. 16. The instability leads to the redis-
tribution of plasma density and the formation of spots
of increased SXR emission behind the compression wave
front. The development of this instability may be seen
also in Fig. 14 as irregular vibrations of the spectrum
integrated emission power and of SXR one.

If to compare with the previous smaller intensity
laser pulse, the temperature is getting much higher,
the volume occupied by the plasma at optimal tem-
perature for the in-band SXR emission in 2.47–3.234
nm waveband is larger and consequently the in-band
SXR emission is much more intensive, exceeding 8.7%
of the laser energy. At the same time, the increased
electron temperature at higher laser intensity provides
significant emission in harder part of the spectrum: in
0.2 < λ < 2.4 nm waveband it is up to 17% of the
laser energy. The plasma spread will reduce the plasma
density and its temperature for a long time after SXR
pulse from plasma. The emission from plasma in UV
and vacuum UV scopes lasts for over 10 ns (Fig. 15).

4 Conclusions

The self-consistent computer modeling of laser multi-
charged ion plasma, induced in double stream gas puff
with high-Z krypton stream in an annular low-Z helium
jet as a circumferential gas as a source of soft X-ray
radiation, is performed with RMHD Zstar code and
the obtained results are analyzed in detail. Dynamics of
plasma produced by Nd:YAG laser beam of picosecond
and nanosecond pulse duration in TW/cm2 laser inten-
sity range with various energies and focusing param-
eters, concordant to the experimental setups, and the
emission generation processes in the plasma are inves-
tigated.

Fig. 13 Spatial distributions of plasma quantities: a mass-
density in g/cm3, b electron density Ne in Avogadro units
and c electron temperature Te in eV at 1.98 ns for 7.1 J :
1.1 ns : 3.34 TW/cm2 laser pulse and at initial Kr gas mass
density of 5.8·10−4 g/cm3
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Fig. 14 Time dependencies of laser power, absorbed power
by plasma, emitted spectrum integrated radiation power
and emitted SXR radiation power in the wavelength band
2.8867 < λ < 3.234 nm for 7.1 J : 1.1 ns : 3.34 TW/cm2

laser pulse

The incident laser beam of TW/cm2 intensity causes
the fast gas ionization due to the tunnel effect, the
efficient acceleration of free electrons and their colli-
sions with atoms, which lead to a laser–plasma dis-
charge development and fast plasma formation. The
laser light absorption increases self-consistently with
ionization. The laser energy is absorbed in the krypton
layer mainly from the upper Kr–He interface damping
exponentially. The plasma temperature and its pressure
increase. The picosecond and nanosecond laser beam
interaction with double-gas puff target are very differ-
ent. For a ps pulse, gas is rapidly ionized in the laser
beam channel, but the gas does not have time to shift
enough during the pulse, and the plasma electron den-
sity grows against the background of almost constant
ion density during the ionization in the laser radiation
field. At the ns pulse, the ionization occurs and the
gas heating leads to the gas pushing out of the channel
and to the formation of a divergent compression wave
transforming into the shock wave. Behind the compres-
sion wave front, conditions arise for the development of
Rayleigh–Taylor-type instability. The instability leads
to the redistribution of plasma temperature and elec-
tron density, and the formation of spots of increased
soft X-ray emission. The developed plasma is in a far
from the local thermodynamic equilibrium state: there
is no equilibrium between plasma and radiation and
between electrons and ions in plasma due to transient
effects in multicharged ion plasma. The fundamental
understanding of these is a key to efficient optimization
of a plasma radiation source. The plasma is semitrans-
parent for the self-emission. The peak value of electron
temperature is higher than the value of ion tempera-
ture in laser channel during the laser pulse. But the
ion temperature exceeds the electron one behind the
divergent shock wave front. The physical mechanisms
of SXR radiative zone formation are different as well
for picosecond and nanosecond pulses, and for low and
high energy lasers. For a ps pulse or low energy ns
pulse, the optimal conditions of ionization state (partic-

Fig. 15 Spatial distribution of emittance in SXR radiation
wavelength band 2.8867 < λ < 3.234 nm: a an instant value
at three consequent time moments: t = 0.86 ns, t = 1.98
ns (SXR emission peak) and t = 2.99 ns in MW/cm3; b
a time-integrated value in J/cm3 for 7.1 J : 1.1 ns : 3.34
TW/cm2 laser pulse. The negative values correspond to the
SXR reabsorption
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Fig. 16 Calculated profiles of plasma mass-density
(magenta line, left-hand side log scale axis) and electron
temperature (green line, right-hand side linear axis) vs.
distance along Zaxis at R = 0, at a time 1.98 ns for 7.1 J :
1.1 ns : 3.34 TW/cm2 laser pulse

ularly for hard water-window emission from krypton it
is 〈Z〉 ≈ 19.5÷20.5) are attained in the laser channel by
means of direct laser heating. At a high energy (of few
Joules) ns pulses, the plasma in the laser channel is rar-
efied due to its spread, and is overheated. The optimal
conditions of ionization state and high enough plasma
density are achieved behind the divergent shock wave.
But the hardest by spectrum radiation is emitted from
the hottest zone, which is located inside the plasma
channel. The conversion efficiency of laser energy to
SXR emission in 2.47 < λ < 3.234 nm waveband
inside the water-window range at low laser energy (of
500 ÷ 600mJ) increases with the laser intensity (focus-
ing degree) from 1.2% (for ps pulse, 1.67 TW/cm2) and
4.1% (for ps pulse, 2.45 TW/cm2) to 6% (for ns pulse,
4.15 TW/cm2), and up to 8.7% for large energy ns laser
pulse of 3.34 TW/cm2 intensity. The SXR emission of
double gas puff target increases with laser energy in
spite of even less laser intensity, i.e., a ns pulse is more
effective rather than ps one at optimal conditions of
double gas puff target.

An intensive radiation in a harder part of emission
spectrum, notably in 0.2 < λ < 2.4 nm waveband, mak-
ing up to 17% of the laser energy can be obtained at
high laser energy only, that corresponds to the exper-
imental results of the group at Institute of Optoelec-
tronics MUT in Warsaw [32].
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