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Abstract
In this work, we optimized a clean, versatile, compact source of soft X-ray radiation (Ex-ray ∼ 3 keV) with an yield
per shot up to 7 × 1011 photons/shot in a plasma generated by the interaction of high-contrast femtosecond laser
pulses of relativistic intensity (Ilas ∼ 1018–1019 W/cm2) with supersonic argon gas jets. Using high-resolution X-ray
spectroscopy approaches, the dependence of main characteristics (temperature, density and ionization composition) and
the emission efficiency of the X-ray source on laser pulse parameters and properties of the gas medium was studied. The
optimal conditions, when the X-ray photon yield reached a maximum value, have been found when the argon plasma
has an electron temperature of Te ∼ 185 eV, an electron density of Ne ∼ 7 × 1020 cm−3 and an average charge of
Z ∼ 14. In such a plasma, a coefficient of conversion to soft X-ray radiation with energies Ex-ray ∼ 3.1 (±0.2) keV
reaches 8.57× 10−5, and no processes leading to the acceleration of electrons to MeV energies occur. It was found that
the efficiency of the X-ray emission of this plasma source is mainly determined by the focusing geometry. We confirmed
experimentally that the angular distribution of the X-ray radiation is isotropic, and its intensity linearly depends on the
energy of the laser pulse, which was varied in the range of 50–280 mJ. We also found that the yield of X-ray photons can
be notably increased by, for example, choosing the optimal laser pulse duration and the inlet pressure of the gas jet.
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1. Introduction

Laser-produced plasma as a bright, point-like, pulse source
of X-ray radiation in the energy range from 0.1 to 50 keV
has been actively investigated in the past decades[1–4]. The
power of X-ray source and emission efficiency are deter-
mined by laser plasma parameters, which in turn strongly
depend on experimental conditions. For highly intense
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X-ray source formation in laser-produced plasma, usually
foil targets made of a material with a high atomic number
Z ∼ 30–50 are used. To provide high efficiency of K-shell
ionization processes in targets with Z > 25, it is necessary
to provide conditions for fast electron impact inner-shell
ionizations[5] using non-relativistic laser pulses or to heat
them up to temperatures about 2–5 keV. This is possible only
via high-contrast laser pulses with peak power ∼0.3–1 PW,
i.e., pico- and femtosecond laser pulses with ultra-relativistic
intensities (Ilas > 1021 W/cm2). Plasma generated under
these conditions is a bright source not only of keV X-ray
photons with flux density up to 1012–1013 photons/shot, but
also of different particles’ beams: electrons, protons and
neutrons. Since a laser plasma can be labeled as a ‘clean’ X-
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ray source when it is debris free, its X-ray emission is rather
intense and dominates over fast particle emission. The ultra-
relativistic laser plasma of solid-state foils is considered
a pulsed, intense, but not clean X-ray source. Despite
this, such a plasma as a pulsed source of X-ray radiation
is widely used for fundamental research, for example, in
the fields of indirect inertial confinement fusion and high
energy density physics. However, the presence of the
intense corpuscular emission is significantly complicating
and often makes it impossible to use the X-ray radiation from
ultra-relativistic laser plasma for practical applications for
lithography and absorption or phase-contrast radiography of
plasma, nanostructured and biological objects.

The point is that for most of practical applications the
criterion of plasma X-ray source ‘purity’ and its high rep-
etition frequency becomes designating. Since accelerated
corpuscular beams create a noise background on a detector, it
prevents obtaining of a high-quality image of an investigated
object. Thus, a solution for the problem of generating a
clean X-ray source in a laser-produced plasma can be found
by optimization of the laser–matter interaction conditions,
which implies selecting such conditions and geometry of
an experiment when the most part of the main laser pulse
energy converts to X-ray radiation, and processes of the
accelerated corpuscular beams formation proceed weakly,
or do not proceed at all. For instance, it is possible to
decrease a number of accelerated particles emitted from a
laser plasma by using laser pulses with moderate and rel-
ativistic intensities (Ilas ∼ 1016–1019 W/cm2). On the one
hand, it also leads to decreasing of the X-ray source emission
intensity by more than one order. This disadvantage can
be compensated by using foam/porous/gel structures as laser
targets. It was shown in Refs. [6–8] that the application of
foam nanostructure targets resulted in a significant increase
of X-ray emission from a laser plasma[9]. Unfortunately
for most of the cases, the production of these targets is a
complicated many-step process, which makes such target
application rather expensive for wide use.

On the other hand, the moderate laser intensities allow
for increasing significantly the X-ray pulses’ repetition rate
since modern laser systems are able to generate short-
duration pulses with intensities ∼1019 W/cm2 with fre-
quency 0.1–10 Hz, but it implies special requirements for
laser targets. A system which provides the interaction with
non-perturbated matter for each shot should be implemented
within an experimental setup. For example, laser radiation
can be focused on a surface of a rapidly rotated cylinder[5].
But irradiation of such type targets is usually accompanied
with all-direction debris dispersion which is undesirable
within the context of the clean X-ray source creating. Other
types of fast renewable targets are supersonic gas jets, gas
clusters, liquid or hybrid structures. For all listed cases,
repetition rate of X-ray pulses becomes limited only by laser
pulses generation frequency.

An opportunity of liquid targets’ application, for example,
of liquid gallium (Ga) was considered in Refs. [10–12].
This target is unique since it is completely renewable and
makes the X-ray repetition rate depend only on the laser
pulse repetition rate. Ga has an atomic number Z = 31
and it was enough to reach high X-ray photons yield about
105 photons/shot when liquid Ga target was irradiated by
laser pulses with intensity ∼2 × 1017 W/cm2[10]. The
main disadvantage of this target type is strong sputtering
into vacuum space ∼103 µm of liquid Ga per laser shot
at laser intensity on target ∼1016 W/cm2. High rate of
an interaction volume pollution by small drops of liquid
Ga makes it impossible to use this material as a target for
experiments with even sub-relativistic laser pulses (1016 6
Ilas 6 1018 W/cm2). Application of cluster targets allowed
for obtaining rather high yield of X-ray photons[12–14]. But
in this case, depending on clusters formation conditions and
type of a gas, laser-cluster plasma emits not only X-rays
but also accelerated particles[13–17]. In Refs. [2, 17, 18] it
was shown that intense laser pulses interaction with small-
size clusters, i.e., in under-critical density area (N < Ncr =

1021 cm−3), led to highly efficient wakefield acceleration of
electrons up to energies ∼100 MeV in the laser propagation
direction. Usage of big-size clusters with diameter d ∼
1.5–3 µm results in successful formation of accelerated
protons beams acquiring high energy as a result of Coulomb
explosion of Ar clusters[11, 18].

Another approach of bright X-ray source creating is as-
sociated with hybrid targets which consist of a gas jet and
a thick solid foil with Z > 30 located behind the jet. The
idea of bright X-ray source formation by the application of
hybrid targets is as follows. Laser pulse irradiates the gas
jet and generates an underdense plasma, where electrons are
accelerated up to MeV energies in the direction of laser
propagation. These electrons collide with the thick solid
foil which results in generation of intense bremsstrahlung
emission. On the basis of theoretical calculations described
in Ref. [19] it was shown that for such X-ray sources
emission efficiency depends on the experimental conditions.

In this work we considered the simplest type of target
structure – gas jets with molecular density∼1017–1018 cm−3,
injected from a nozzle under the pressure about several
MPa. Commonly, molecular gases are used as targets:
oxygen (O2), nitrogen (N2), hydrogen (H2), carbon dioxide
(CO2) or molecular gases (SF6, CF3I)[20, 21]; and also
atomic gases: helium (He, Z = 2), neon (Ne, Z = 10),
argon (Ar, Z = 18), xenon (Xe, Z = 36) and krypton
(Kr, Z = 54). It is admittedly known that generation of
fast ions and neutron beams does not happen in the case
of laser interaction with a gas jet target. Thus, there is
an opportunity to find such experimental conditions when
efficiency of electron acceleration process is rather low, but
emission of soft X-ray radiation is quite intense. It is possible
to vary such parameters of a gas jet as gas type, gas jet

https://doi.org/10.1017/hpl.2020.21 Published online by Cambridge University Press

https://doi.org/10.1017/hpl.2020.21


Clean source of soft X-ray radiation formed in supersonic Ar gas jets 3

Figure 1. (a) General scheme of the experimental setup. (b) Central cross-section of the nozzle. (c) Coordinates of the focal spot position.

density (inlet pressure of a nozzle), and volume (size) of
interaction area in the direction of laser pulse propagation
(i.e., laser beam focusing). Parameters of X-ray emission
source depend on experimental setup geometry and main
laser pulse parameters: laser pulse energy – Elas, laser pulse
duration – τlas, laser intensity on a target – Ilas and laser
pulse contrast (intensity ratio of the main laser pulse to
the laser prepulse) – Klas. From the point of view of X-
ray emission yield increase, theoretical statements demand
to use targets made of high Z materials. In the gas jet
case, it mostly implies application of noble gases: argon,
xenon, krypton. Usage of heavy gases (for example, Xe
with Z = 36 and Kr with Z = 54) as a target requires
laser intensities up to 1020 W/cm2. Even though such laser
systems are widely used in laboratories around the world,
they are still ‘unique’ and not mass produced. In turn, laser
systems capable to generate femtosecond laser pulses with
an intensity of Ilas ∼ 1016–1019 W/cm2 on a target have
already become commercially available (see, for example,
Ref. [22]), compact facilities that are orders of magnitude
cheaper than such sources of soft X-ray radiation as X-ray
free electron lasers or synchrotron acceleration facilities.

This paper is devoted to investigation of optimal
conditions for clean X-ray source formation in plasma,
generated by high-contrast (∼109) relativistic (Ilas ∼

1016–1019 W/cm2) femtosecond laser pulses interaction
with argon (Z = 18) gas jets. The search of optimal
conditions was done by X-ray spectroscopy approaches,
allowing for measuring main parameters of the plasma
source and its X-ray emission efficiency.

2. Experimental setup

The experiments were performed on the laser facility IOP
20 TW at the Institute of Physics (IOP), Chinese Academy

of Sciences[22, 23]. This Ti:sapphire laser, operated by the
chirped-pulse amplification scheme is capable of generat-
ing high-contrast Klas ∼ 109 (laser contrast measured at
picosecond scale) laser pulses at λ = 800 nm wavelength
(full width at half maximum) with energy up to Elas ∼

500 mJ per pulse and duration of τlas ∼ 40 fs. A laser beam
with diameter ∼5 cm was focused by an off-axis parabolic
mirror with f-number 3.5 to form a focal spot with diameter
d ∼ 5 µm, that corresponds to the laser intensity on a target
up to Ilt ∼ 2 × 1019 W/cm2. A supersonic Ar gas jet was
formed by a slit nozzle (named as wave-free supersonic slit
nozzle MS05-10-166[24] by SourceLAB) with a rectangular
slit profile with width 1.2 mm and length 5 mm. The laser
beam was focused at the center of the gas jet (distance from
the edge of the nozzle outlet Lx = 0.6 mm) parallel to the
short edge of the nozzle (see Figure 1).

Distance from the nozzle outlet to focal spot position
along a gas spread axis (L z) was varied from 1 to 4 mm.
The Ar gas inlet pressure range was: Pgas = 2–9 MPa.
Recently[25] it was shown that Ar gas jets created by the
mentioned nozzle contains a significant amount of nm-size
Ar clusters. We carried out simulations of cluster formation
for our conditions on the basis of the model described in
Ref. [26]. The calculations demonstrate that for the inlet
pressure of 6 MPa and L z = 1 mm cluster concentration
reached 5× 1012 cm−3, gas atomic density ∼5× 1019 cm−3

and radius of cluster ∼25 nm. However, such clusters are
very small and are destroyed already by a laser prepulse
even with intensity ∼1010 W/cm2. Thus, in our case the
main laser pulse interacts only with Ar gas and existence of
insufficient amount of Ar clusters in the jet did not influence
investigated laser–gas jet interaction processes.

The X-ray radiation of the plasma, generated during the
laser pulses interaction with the Ar gas jet, was detected
by three focusing spectrometers with high spatial resolution
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Figure 2. (a), (b) X-ray emission spectra and (c)–(e) corresponding electron measurement results detected in 0◦-direction (laser propagation axis) for the
following experimental conditions: inlet gas pressure – Pgas = 6 MPa, laser energy – Elas = 250 mJ, laser beam is focused at the center of Ar gas jet,
perpendicularly to gas flow z-axis at the distance from nozzle outlet (a), (c), (d) Lz = 1 mm and (b), (e) Lz = 2 mm.

(FSSRs)[27, 28] equipped by spherically bent crystals of α-
quartz with curvature radius R = 150 mm (see Figure 1).
The spectrometers were aligned to observe X-rays emitted
in three different directions: FSSR-0◦ – the direction of
laser propagation we choose as the zero-degree direction (0◦-
direction below), FSSR-45◦ – the direction at an angle of 45◦

to the laser propagation axis; and FSSR-90◦ – perpendicular
to the laser propagation axis. The spectrometer FSSR-0◦

was equipped by the spherically bent α-quartz crystal with
the Miller indices 22(-4)3 (lattice space – 2d = 4.91 Å)
and located 10.5 cm higher than interaction plane at the
distance a = 374.4 mm from the laser focusing point. This
spectrometer was aligned to FSSR-I mode when an X-ray
detector is also located on the Rowland circle and spectral
resolution of scheme does not depend on emission source
size. Thereby, FSSR-0◦ registered X-ray emission in the
wavelength range λ = 3.7–4.25 Å. The spectrometers
FSSR-0◦ and FSSR-90◦ were equipped by identical bent α-
quartz crystals 11(-2)0 (2d = 6.66 Å) and located directly
in the interaction plane at the distance a = 400 mm from the
laser focusing point. Both spectrometers were used at FSSR-
II mode and provided X-ray emission measurements with

spatial resolution along the laser propagation axis (FSSR-
90◦) and along gas jet propagation (FSSR-45◦). For the
FSSR-45◦ and FSSR-90◦ a central wavelength was chosen
as λ0 = 4 Å to provide the detection range λ = 3.2–4.5 Å.
We used Fujifilm BAS TR Image Plates as X-ray detectors.
The plates were scanned by the Amersham Typhoon FLA
scanner by General Electric with the pixel size of 25 µm.
The detectors were protected against exposure of the visible
light by two layers of 1 µm thick polypropylene coated by
0.2 µm Al. The X-ray emission spectra were measured at
cumulative mode: one spectrum for 50 laser flashing with
frequency 0.3 Hz.

Response functions for all diagnostic equipment included
in the spectrometric route were considered step by step to
calculate absolute values of spectral lines’ intensities from
raw data. First, values of a raw grayscale image produced
by the scanner can be easily recalculated to photostimulated
luminescence (PSL) units according to manufacturer specifi-
cations described for example in Ref. [29]. The PSL values
are linearly[30] proportional to incident photon energy for
soft (at least for photon energy< 20 keV) X-rays. These two
facts together allow for obtaining exact number of photons
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Figure 3. X-ray emission spectra of Ar plasma depend on Lz – laser focusing point displacement from nozzle outlet (Lz = 2–4 mm), measured at fixed
parameters: inlet Ar gas pressure – Pgas = 6 MPa, laser energy on target – Elas = 250 mJ, laser pulse duration – τlas ∼ 45 fs, laser contrast – Klas ∼ 109 in
diagnostic direction (a) 0◦, (b) 45◦ and (c) 90◦. Note that, the X-ray intensity on axis of ordinates is given in absolute values.

per image plate pixel. This number also should be corrected
according to transmission functions of filters which were
placed in front of the image plates to protect them from
visible light. The X-ray transmission properties for a variety
of different materials can be obtained, for example, from the
Henke database[31]. Also, the crystal reflectivity efficiency
should be considered. It differs for different wavelengths
of the incident radiation. Ray-tracing computer simulations
described in Ref. [32] were performed to study reflectivity
properties of the crystals used for the measurements. In
the simulations the real shape of rocking curve for different
wavelengths was included. The curve shape was calculated
by the XOP software[33]. Also, a solid angle of the dispersive
crystal was calculated according to experimental geometry to
estimate a fraction of photons which miss a crystal surface.

For measurements of electron energy distribution, we
used a split electron spectrometer with magnetic field B =
9000 G. The e-spectrometer was equipped by photolumines-
cent plates Fujifilm-MS (scanning pixel size – dpix = 50 µm)
for electron signal detection. The e-spectrometer was in-
stalled in the interaction plane at the distance ∼20 cm from
the focusing point. It was aligned to detect emission of fast
electrons in the energy range 10–120 MeV in the direction
of laser propagation axis (0◦-direction). We also provided
monitoring of an electron beam profile and estimating of

its energy distribution in a low-energy range (few keV) via
image plates Fujifilm-MS covered by 1–5 layers of Al foils
with thickness 15 µm. These image plates were located in
0◦-direction in the interaction plane ∼20 cm far from the
focusing point on a front surface of the e-spectrometer and
had an orifice for passing electrons inside the spectrometer.

3. Results and discussion

For the search of optimal conditions for generation of the
clean X-ray source in relativistic laser-produced plasma,
first we must choose the initial experimental parameters for
following the search step by step. The important challenge
was the choice of laser focusing geometry, i.e., which region
of the gas jet should be chosen as a laser focusing point.
In some previous papers devoted to electron acceleration
it was shown that a laser beam normally focused on a far
wall of a gas jet and the distance from a nozzle exit plane
was about 0.5–1 mm [25, 28, 34, 35]. Typical inlet Ar
gas pressure was about 4–5 MPa [25, 34]. To avoid the
experimental conditions when electrons are accelerated up to
MeV energies with high efficiency, we chose the following
initial conditions: inlet Ar pressure Pgas = 6 MPa, laser
beam focused at the center of the gas jet at the distance from
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Figure 4. (a) Dependence of the X-ray emission registered in the 90◦-direction on Lz (the distance from the nozzle outlet to the laser focusing point).
Simulated spectra obtained by the radiational–collisional code PrismSpect for different electron temperatures Te, fixed atomic densities and the hot electrons
fraction of 0.1% with the temperature Thot = 3 keV are shown by the red lines. (b) X-ray yield per laser shot of photons with the energy of Ex-ray ∼
3.1 (±0.2) keV versus distance from the nozzle throat (Lz) for diagnostic directions 0◦, 45◦ and 90◦. (c) Results of hydrodynamic calculations for the gas

jet density profile for the slit nozzle MS05-10-166[24] and different Lz .

the nozzle outlet L z > 1 mm. X-ray emission spectra of Ar
plasma detected for these experimental conditions by FSSR-
0◦ and typical spectrograms are shown in Figure 2(a).

As it is seen from Figure 2(a), the detector surface was
brightened by a uniform noisy signal. The faint signal
on the associated spectrum corresponds to resonant line
of Heα1 and intercombination line Heα2 corresponding to
transitions in helium-like argon ions Ar XVII. The uniform
background we observed on the X-ray detector appeared
due to polychromatic high intensity emission produced by
MeV-electrons effectively accelerated during the laser–gas
interaction. The energy distribution of such electrons is
shown in Figure 2(c) and the shape of the electron beam
on the distance 20 cm far from the source is shown in
Figure 2(d). It demonstrates that in the case of initial
experimental condition described above, the most part of
laser energy is spent on the electron acceleration with middle
energy ∼20 MeV, which did not fulfill the goal of clean X-
ray source formation.

Displacement of the focusing point 2 mm higher from the
nozzle outlet, at the position L z = 2 mm, with keeping other

experimental parameters, has led to an interesting result
(see Figure 2(b)). At this focusing geometry the X-ray
detector surface remained clean, with a negligible level of the
noise signal. The spectrogram shows the absence of intense
noise background and contains only X-ray emission signal
– spectral lines corresponding to transitions in He, Li-, Be-,
B-like ions of argon. The signal on the e-spectrometer also
disappeared, but on the image plate installed in front of the
e-spectrometer in 0◦-direction we observed a spatial profile
of electron beams deflected by edge magnetic fields (see
Figure 2(e)). The electrons energy estimated using Larmor
radius equation for electron in magnetic field does not exceed
0.3 MeV. X-ray emission spectra of the Ar plasma measured
for diagnostic directions, 0◦, 45◦ and 90◦, for different
L z distances (L z = 2–4 mm) from the nozzle outlet, are
shown in Figure 3. Using the spectra measured at FSSR-
II mode, 90◦-direction, a typical scale length of the source
was estimated as ∼250 µm.

Figure 3 demonstrates that shifting up of the laser focusing
point along the gas jet expansion axis notably changes
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Figure 5. Dependence of Ar plasma X-ray emission spectra on the laser pulse energy Elas = 50–280 mJ. The X-ray emission was observed in (a) 0◦-
direction, (b) 45◦-direction and (c) 90◦-direction. The X-ray emission spectra have been measured under the following experimental conditions: entry
pressure of the Ar gas jet – Pgas = 6 MPa, the distance from nozzle outlet to laser focus position – Lz = 2 mm, laser pulse duration – τlas = 45 fs, laser
pulse contrast – Klas = 109.

the X-ray emission spectral shape. The intensive resonant
line – Heα1 and intercombination line – Heα2 of Ar XVII
simultaneously with lines of Li- and Be-like satellites were
observed for L z = 2 mm. Spectral lines corresponding to B-,
C- and N-like argon ions appeared on the spectra for higher
L z and relative intensity of these lines gradually increased.
For the fixed laser pulse parameters (Elas = 250 mJ, τlas ∼

45 fs, Ilt ∼ 2 × 1019 W/cm2, Klas ∼ 109), such spectral
changes should be evidently associated both with decreasing
of the gas jet density along the z-axis and different plasma
temperatures.

Figure 4 shows the comparison between X-ray spec-
tra measured in the 90◦-direction and kinetic modeling
carried out with collisional-radiative computational code
PrismSpect[36]. Since the gas density changes only for 2.5
times with shifting from L z = 1 mm to L z = 2 mm (see
Figure 4(c)), the calculations have been done for various
values of plasma electron temperature in the assumption of
zero optical depth for the fixed atomic densities Ni = 5.2 ×
1019–2.1 × 1019 cm−3 for various L z = 1–4 mm and a hot

electrons fraction 0.1% with the temperature 3 keV. Reached
good correspondence of the measured and calculated spectra
allowed for asserting that when the distance L z is varied from
1 to 2 mm the plasma electron temperature remained Te =

180 (±5) eV, but following distance increase L z > 2 mm
resulted in decreasing of electron temperature by 40 eV.
Consequently, it also led to the X-ray emission intensity
decrease by more than one order of magnitude. Numerical
estimations for the number of X-ray photons – ηph emitted
from the argon plasma within the full solid angle for one
laser shot were obtained by integrating the experimentally
measured spectra (see Figure 3) over the wavelength range
λ = 3.95–4.2 Å. The dependence of ηph on L z is shown in
Figure 4(b).

As seen from Figure 4, the optimal position of the laser
focusing point along the gas expansion axis was reached
when the distance from the nozzle outlet was L z = 2 mm.
Focusing on this point allowed for creating the clean X-
ray source with energy Ex-ray ∼ 3.1 (±0.2) keV and the
amount of X-ray photons per laser shot about ηph ∼ 3 ×
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Figure 6. (a) The comparison of the Ar plasma X-ray emission spectra measured for two different laser pulse energies Elas = 50 and Elas = 280 mJ
and kinetic modeling carried out with the PrismSpect. The calculations have been done for the fixed parameters: the ion density of the Ar gas jet –
Ni = 5.2× 1019 cm−3, fraction 0.1% of hot electrons with Thot = 3 keV. (b) Yield of X-ray photons with the energies Ex-ray ∼ 3.1 (±0.2) keV versus the
incident laser pulse energy.

1010 photons/shot. Figure 4(c) demonstrates the results of
hydrodynamic calculations of the gas jet density profile for
a rather similar slit nozzle considered in Refs. [25, 35].
The gas density profile at the distance from the nozzle
outlet L z = 2–4 mm has a form that visually looks like
the X-ray emission dependence shown in Figure 4(b). Note
that, the molecular densities for distances L z = 1 mm and
L z = 2 mm are quite close as shown in Figure 4(c) and
discussed in Refs. [17, 25, 35]. Note that, the position
L z 6 1 mm is usually chosen as the most effective for
purposes of the wakefield electron acceleration in a laser–
gas jet interaction[25, 35]. It is associated not only with
a cluster formation regime, but mostly explained by high
sensitivity of a laser self-focusing process to a gas area
shape. We stressed that the detailed consideration of electron
acceleration regimes implies comprehensive particle-in-cell
simulations and remains out of the scope of the paper.

On the one hand, the effective electron acceleration
can provide X-ray emission increase in the energy range
∼100–300 eV because of electrons deceleration on gas
area atoms. On the other hand, such a source could not
be considered as a clean X-ray source. Figure 4(b) also
confirmed decreasing of keV X-ray emission at L z 6 2 mm.
Thus, the focusing point distances from the nozzle outlet
as L z > 2 mm satisfy the conditions of the clean X-ray
source formation. However, the L z increase is limited since
it leads to fast decreasing of the X-ray emission intensity. So,
L z = 2 mm was an optimum distance for clean and effective
keV X-ray source formation in the femtosecond relativistic
laser plasma.

The following parameter we considered is the laser pulse
energy, since its variation directly affects the plasma heating
and the properties of the X-ray emission consequently. X-
ray emission spectra of argon plasma measured in three main
diagnostic directions for different values of the laser pulse
energy are shown in Figure 5.

As it is seen from Figure 5, varying the laser energy
in the energy range Elas = 50–280 mJ resulted in rather
slight changes of the spectrum shape in comparison with
variation of laser focusing point position, but significantly
influences X-ray spectral intensities. In the case of the
highest available facility laser energy on a target (Elas =

280 mJ) measured spectra contain lines corresponding to
transitions in He-, Li, -Be-like Ar ions and a peak intensity
(1.5× 1012 photons/Å per shot) of the spectra is reached for
the Heα1 line. Gradual decreasing of the laser energy led
to appearance and relative intensity growth of the spectral
lines associated with transitions in B-, C-, N-like argon
ions. However, even at the energy Elas = 50 mJ the relative
intensity of the satellites did not exceed the intensity of
resonant line Heα1.

The comparison of X-ray spectra measured for the max-
imum laser energy on a target – 280 mJ and minimum –
50 mJ together with corresponding atomic calculations is
shown in Figure 6(a).

We stressed that such X-ray intensity growth was iden-
tical for all the diagnostic directions. For the maximum
laser energy at these experimental conditions – Elas =

280 mJ the yield of X-ray photons with energies Ex-ray ∼
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Figure 7. (a) X-ray emission spectra of Ar plasma; (b) X-ray photons yield – ηph at the energy range Ex-ray ∼ 3.1 (±0.2) keV versus the laser pulse duration
– τlas (fs); (c) X-ray photons yield – ηph in the energy range Ex-ray ∼ 3.1 (±0.2) keV versus entry Ar gas pressure – Pgas = 3.5–9 MPa, observed for the
laser focusing position Lz = 2 mm for diagnostic directions 0◦, 45◦ and 90◦ toward the axis of the laser propagation direction.

3.1 (±0.2) keV reached ηph ∼ 3.8× 1010 photons/shot. We
also observed the growth of X-ray emission due to increase
of a laser pulse duration (see Figure 7).

Figure 7 brightly demonstrates the laser pulse duration
increase from 40 fs to 100 fs led to the intense growth of
the relative intensity of spectral lines corresponding to transi-
tions in He-like and Li-like Ar ions. It resulted in 40%±10%
X-ray emission intensity increase (see Figure 7(b)) up to
ηph ∼ 7 (±0.5)× 1010 photons/shot.

Note that, all the measured X-ray spectra do not contain
the Ar Kα line, that appears when laser–solid interaction
takes place. Absence of the Ar Kα line in observed X-
ray spectra is experimental confirmation of the direct laser–
Ar gas jet interaction, not a laser–Ar cluster interaction as
observed in Refs. [37] and [12].

One more important parameter that can influence the X-
ray emission intensity is inlet gas pressure – Pgas. The
dependence of X-ray photon yield on inlet gas pressure
magnitude is shown in Figure 7(c). Contrary to the case of
cluster target application, where the inlet gas pressure is of
crucial importance[2, 25, 34, 35], the Ar gas jet X-ray emission

weakly depends on the nozzle inlet pressure – Pgas (see
Figure 7(c)). The X-ray photon yield observed for all the
diagnostic directions remained almost constant for a wide
range of pressure from 2 to 9 MPa. Just for the gas pressure
Pgas ∼ 6 (±0.25) MPa, we observed more intense X-ray
emission, with an intensity increase of 40%± 10%.

4. Conclusion

We optimized the experimental conditions to generate a
clean source of soft X-ray radiation with photon ener-
gies (Ex-ray) of ∼3.1 (±0.2) keV in Ar gas jet relativistic
plasma. This X-ray source can be successfully created by
the interaction of high-contrast femtosecond laser pulses
of relativistic intensity with Ar supersonic jets when this
interaction leads to the formation of plasma with the typical
electron temperature Te ∼ 185 eV, electron density Ne ∼

7 × 1020 cm−3 and mean charge Z ∼ 14. We found that
such plasma parameters can be attained for the following
experimental conditions: the laser energy flux density on
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the target Ilas ∼ 1 × 1019 W/cm2, the laser pulse energy
Elas = 280 mJ, the duration of laser pulse τlas ∼ 100 fs and
the inlet gas pressure of Pgas ∼ 6 MPa. We demonstrated that
the focusing point position is the most important parameter
for the purpose of optimization. For the clean and effective
X-ray source creation, a laser beam must be focused 2 mm
far from the slit nozzle[24] outlet on the jet central axis.
Such focusing geometry makes it possible to efficiently
convert laser energy to 3.1 (±0.2) keV X-ray radiation with
flux ηph ∼ 7 × 1010 photons/shot or 2.5 × 1011 photon/J
and conversion efficiency 8.57 × 10−5. The experimental
results confirmed the isotropy of the X-ray source radiation
toward the observation directions (see Figures 6 and 7(c))
and a linear increase in the X-ray yield from 5 × 109 to
4× 1010 photons/shot with growth of the laser pulse energy
from 50 to 280 mJ. We also demonstrated as in the case of
Ar cluster plasma[38, 39] that the increase in the laser pulse
duration from 40 fs to 100 fs results in 40%±10% growth of
the X-ray photon yield (see Figures 7(a) and 7(b)). Varying
the inlet gas pressure results in a change in the X-ray photon
yield by a factor of 2–3. However, we found experimentally
that the optimum inlet pressure of Ar corresponding to the
maximum of the X-ray emission exists and is reached for
Pgas = 6 (±0.25) MPa. Decreasing of the X-ray yield at
lower Ar gas pressure Pgas < 6 MPa corresponds to deficient
amount of Ar atoms to be ionized during the laser-target
interaction time. Following decreasing of the X-ray yield
at Pgas > 6 MPa probably happens due to X-ray absorption
in a gas surrounding the small-size interaction region.

The results we obtained confirm that the plasma gener-
ated as a result of interaction of high-contrast relativistic
femtosecond laser pulses with argon supersonic gas jets can
be considered a clean, compact, pulsed source of soft X-ray
radiation. It is a unique object for fundamental investigation
and also the effective X-ray source for a wide range of
practical applications, including adsorption radiography and
obtaining phase-contrast images.
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