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Abstract

It was shown (Faenov et al., 2015b) that the energy of femtosecond laser pulses with relativistic intensity approaching
to ∼1021 W/cm2 is efficiently converted to X-ray radiation and produces exotic states in solid density plasma periphery.
We propose and show by one-dimensional two-temperature hydrodynamic modeling, that applying two such unique ultra-
bright X-ray sources with intensities above 1017 W/cm2

– allow to generate shock waves with strength of up to some
hundreds Mbar, which could give new opportunities for studies of matter in extreme conditions.

Keywords: High-power lasers; Laser–plasma interactions; X-ray sources; X-ray spectroscopy; High-energy density
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1. INTRODUCTION

During past decades, pulsed optical lasers with different in-
tensities were successfully used for creation and study of
matter in extreme conditions (Drake, 2006; Fortov, 2016).
In this case, the input laser energy is generally transferred
to the outer (valence) electrons of the target atoms, as well
as to free electrons, which cause heating and generation of
shock waves in matter. In contrast, with irradiation by X
rays, electrons in the inner shells are ionized first. Such elec-
trons usually have higher energy compared with previous
cases, which cause faster heating of the matter and at
higher electron temperatures. Additionally, X-ray pulses are
more completely and homogeneously absorbed by matter,
while absorption of visible laser pulses is typically in the
scale of 10th %. This allows transforming X-ray laser energy
more effectively into matter, to produce higher strength
shock waves, and to have significant lowering of

nanomodification and ablation thresholds compared with heat-
ing by optical laser beams including the femtosecond ones.
First experiments, in which X-ray bright sources have been

generated in laser-produced plasma, then used for study of
X-ray interaction with matter and for radiation-driven abla-
tion as well as for shock wave generation, were already
begun about 30 years ago (Endo et al., 1988; Kaiser et al.,
1991; Kodama, 1992; von der Linde et al., 2001). Later,
X-ray radiation of exploding wires plasma (Fortov et al.,
1996) was started to be used for such purposes. Recently,
the National Ignition Facility (NIF) team (Fournier et al.,
2016), according to the X-ray Transport and Radiation
Response Assessment (XTRRA) program, has developed
an experimental platform to evaluate the X-ray-generated
stress and impulse to provide improved modeling and simula-
tion methods to study impulse and thermostructural response
of materials in well-characterized X-ray environments.
Recently, soft X-ray lasers and X-ray free electron lasers

(XFEL) X-ray beams reached relatively high intensities and
started to be routinely used for investigations of interaction
with matter (Faenov et al., 2009; Ishino et al., 2011, 2013;
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Inogamov et al., 2011; Vinko et al., 2012; Koyama et al., 2013;
Yoneda et al., 2014; Starikov et al., 2014). Lately, it was also
demonstrated (Colgan et al., 2013, 2016; Pikuz et al., 2013,
2017; Hansen et al., 2014; Faenov et al., 2015a, b) that conven-
tional optical lasers with pulse duration of 30–1000 fs and laser
intensity (0.3–1.0) × 1021 W/cm2 irradiating thin aluminum
(Al) or Si (silicon) foils could generate very bright X-ray radi-
ation with intensities exceeding 1017 W/cm2 (see Fig. 1). Inter-
action of such highly intensive X-ray radiation with cold
periphery of laser spot efficiently produces exotic states of
matter – hollow ions (Skobelev et al., 2012) and could generate
shock waves with a very high pressure.
Here we briefly discuss some previous results obtained by

(Faenov et al., 2015), which demonstrated that interaction of
femtosecond laser pulses with intensity ∼1021 W/cm2 with
thin Al foils allowed to produce X-ray radiation with intensi-
ty exceeding 1017 W/cm2. We also propose to use two such
laser systems, which will generate two separated bright point
X-ray sources. In such case, it will be possible to generate be-
tween such X-ray sources the shock waves with strengths of
some hundreds Mbar. Providing one-dimensional (1D) mod-
eling results support such proposal.

2. GENERATION OF ULTRA-BRIGHT X-RAY
SOURCE BY FEMTOSECOND ULTRA-INTENSE
LASER PULSES INTERACTION WITH THIN
FOILS

First demonstration (Colgan et al., 2013; Pikuz et al., 2013;
Hansen et al., 2014) that the energy of laser pulses with
relativistic intensity higher than 1020 W/cm2 could be effi-
ciently converted into X-ray radiation with intensities
higher than 1018 W/cm2 was done for the case of using
Vulcan PW laser facility of Rutherford laboratory for laser

pulse duration∼1 ps and large laser energy on the target. Un-
fortunately such laser systems have serious drawback – low
repetition rate. For practical applications, Ti:Sa femtosecond
laser systems (Kiriyama et al., 2015; Astra-Gemini WEB
page ‘https://www.clf.stfc.ac.uk/Pages/The-Astra-Gemini-
Facility.aspx’) are more attractive, because they allowed to
reach even higher laser intensity on the target and provide
repetition rate up to 1 Hz nowadays. That is why we propose
to use such laser systems for generation of bright X-ray sources
and use them in high-energy dense science investigations.

The experiments discussed (Faenov et al., 2015) were
performed using the J-KAREN (Kiriyama et al., 2010), an
optical parametric chirped-pulse amplification Ti:Sapphire
hybrid laser system delivered energy on the target up to ∼7 J
with laser pulse duration of 35 fs and a typical contrast of
1010. Using F/2.1 off-axis parabolic mirror, p-polarized laser
pulses with energies from 0.4 to 7 J were focused onto an Al
foils with thickness 0.8, 2, 3, 6 μm at an incidence angle of
84°, producing a spot with the full width half maximum
(FWHM) diameter of ∼4.5 μm and the peak laser intensity of
1021 W/cm2. Diagnostic of produced plasma parameters was
performed by high-resolution spectroscopy measurements
(see Fig. 2a) using a focusing spectrometer with spatial res-
olution. The instrument was equipped by spherically bent
mica crystal with a lattice spacing 2d ∼19.94 Å and a
radius of curvature of R= 150 mm. The crystal was aligned
to operate at m= 2 of reflection to record K-shell emission
spectra of multi-charged (Heα line of Al XII and Lyα line
of Al XIII) and neutral (i.e., Kα line) Al ions in 6.8–8.43 Å
wavelength range, that is, energy range from 1.45 to
1.85 keV. Simultaneously in third order of mica crystal re-
flection, recombination continuum in 2210–2730 eV
energy range was registered (see raw data, which includes
typical spectra from both mica crystal orders in Fig. 2b).

Fig. 1. Generation of ultra-intense X-ray source with intensities P∼ 1017–18 W/cm2 in plasma irradiated by relativistic laser pulses with
intensities above 1020 W/cm2. (a) X-ray generation by Thomson scattering at incident laser radiation; (b) X-ray generation by bremsstrah-
lung in a plasma during electron refluxing.
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The green, yellow, black, and red curves represent the
data obtained from 6, 3, 2 and 0.8 μm Al foils, respectively,
irradiated by laser pulses with 6.8–7.0 J on the target. In
such case, the laser intensity at the central area of the
focal spot of 4.5 μm diameter reached ∼1.0 × 1021 W/
cm2. For comparison, spectra observed for lower pulse en-
ergies, down to 0.46 J, from Al target with thickness of
0.8 μm are also presented. It is necessary to mention that
very high intensity of plasma radiation spectra, shown in
Figure 2b, were measured in a single laser shot despite
the fact that X-ray spectrometer detector was placed at
the distance >2000 mm from the plasma. The total X-ray
intensity was measured by an X-ray charge coupling
device (CCD) as a sum of intensities in the energy
ranges ∼1450–1850 and 2210–2730 eV. Usually, the
X-ray intensity in these ranges grows very slowly and
almost linearly with the laser pulse intensities. However, a
strong, non-linear behavior of the X-ray radiation power on
the energy of incident laser beams is clearly seen in Figure 2c

in our experiments for the intensities over I∼ 6 × 1020 W/cm2.
As it was demonstrated in Faenov et al. (2015a), this indicates
that collisionless strong X-ray radiation, initiated by energetic
electrons in the laser focal spot, becomes dominant. Increasing
the laser intensity causes not only an increase in the X-ray
spectral intensity, but also the appearance of new line features
indicative of high X-ray flux interacting with high-density
plasma. The emergence of intense emission lines, due to tran-
sitions from levels when both K-shell electrons are absent
(so called KK “hollow ions”) (see Figs 2b and 3a) which are
located between Heα and Lyα clearly indicates that, at these
laser intensities, there are significant X-ray pumping of the pe-
ripheral plasma from the central plasma resulting in photoion-
ization of Al ions. Modeling of KK hollow-ion spectra of Al
(see for details Colgan et al., 2013; Hansen et al., 2014;
Faenov et al., 2015a) shows that radiation temperature Tr of
such bright X-ray source should be in the level of
∼1.5–3 keV. As it could be seen from Figure 3b the fact of ob-
servation of KK hollow ions of different ions allowed one to

Fig. 2. Scheme of observation and results. (a) Experimental set up. Laser beam focused by off-axis parabola practically perpendicular to
the surface of foil and heat plasma. Produced plasma generated X-ray emission, which was measured by X-ray high luminosity spectrom-
eter with high spectral resolution placed at 45° to the target surface. (b) Single shot, spatially and temporally averaged Al ions K-shell
spectra (raw data) (Faenov et al., 2015) emitted from foil targets with different thickness and laser energies (intensity of spectra obtained
by irradiation of laser pulse with energy 0.46 J is multiplied by factor 5). (c) Intensity of X-ray emission observed at X-ray CCD integrated
over the energy range 1450–1850 and 2210–2730 eV versus the laser intensity for Al foils with different thickness (Faenov et al., 2015).
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estimate the value of X-ray source intensity. For the case of Al
plasma, KK hollow ions could be observed with X-ray pump-
ing intensity exceeded 1017 W/cm2.
Our investigations show that observable features of the

hollow-ion spectra are sensitive to such plasma parameters
as density, temperature, hot-electron fraction, and intensity
of the X-ray pumping radiation and could be used for effec-
tive diagnostics of warm dense matter parameters.
At the same time, absorption of such ultra-bright X-ray in-

tensity at the periphery of laser spot should cause very strong
shock waves, which could be used for investigations of
matter modification dynamics and other aspects of high-energy
density science studies. If to focus two laser beams in the
nearby spots, the strength of the produced shock waves will
be even higher. It is necessary to mention that the laser Astra-
Gemini facility (RAL, UK) has already two beams with param-
eters allowing reaching laser intensity ∼1021 W/cm2 on the
target. Recently at the XFEL SACLA (Spring-8, Japan) facility,
two sub-PW laser systems are being commissioned, making it
interesting to consider what strengths of shock waves could be
reached if such two laser beams will be focused relatively close
to one another at the surface of thin foils.

A possible scheme of such an experiment is presented in
Figure 4. XFEL Probe beam could be used both from front
and rear side of target irradiated by two pump laser beams.
We performed 1D two-temperature hydrodynamic modeling
to estimate potential strength of shock waves, which could be
generated between two irradiated laser spots.

3. SIMULATION OF OVERHEATED SOLID-STATE
MATTER UNDER THE X-RAY RADIATION BY
TWO-TEMPERATURE HYDRODYNAMIC CODE

Formation of an overheated solid-state matter under the X-ray
radiation is simulated by 1D numerical code RADIAN (Go-
vorun et al., 1986). A physical–mathematical model for the
RADIAN is comprised of the two-temperature hydrodynam-
ic equations, namely, motion equation, continuity equation,
energy variation equation for the electron and ion compo-
nents, and equations of state for ions and electrons. The elec-
tron–ion exchange, classical or reduced Spitzer heat
conductivity have been taken into account. Equation for a
two-temperature gas dynamics is solved jointly with a multi-
group energy transfer equation for 96 groups. Fragmentation
of the radiation energy spectrum into spectral groups is
varied. The simulation results prove to be stable to such var-
iations. In these simulations, we used optical coefficients of
absorption calculated by the THERMOS code (Nikiforov
et al., 2000). Temperature of the laser-heated Al layers is es-
timated to be of 1.5 keV. Respectively, the maximum of the
Planck function falls on the quantum energy of 4.5 keV. Due
to the optical thickness of the plasma, Planck spectrum is
modified as it is shown in Figure 5 and then heated the pe-
riphery of plasma. The range of the spectral energies up to
15 keV has been taken into account in the numerical

Fig. 3. (a) Scheme of energy levels of multi-charged ions; (b) efficiency of
KK hollow ions photoionization by external X-ray source for different ionic
charges. The fact of observation of KK hollow ions of different ions allowed
one to estimate the value of X-ray source intensity.

Fig. 4. Generation of two ultra-intense X-ray sources in plasma irradiated by
relativistic laser pulses with intensities ∼1021 W/cm2. Bright X-ray sources
with intensities exceeding 1017 W/cm2 will irradiate foil between two sourc-
es and produce strong shock waves. XFEL or any other X-ray probe beam
could be used to probe the created exotic matter.
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calculations, which exceeds the range of quantum energies
observed experimentally.
The quanta originated from the laser-heated regions

(Fig. 6, regions I and III) are absorbed in a neighbor cold
region II of Al. As the heating advances, these layers
become the sources of the soft X-ray radiation. Thus, the
energy is transferred from one plasma layer to another by
means of the radiation. The mean free path for different
quanta is different. The quanta of different energy are heating
up the plasma to a different value.
It is necessary to mention that in the discussed scheme of

irradiation, the geometry of heating the plasma layer located
between the hot spots is not 1D. Along the central curve,
which connects the hot spots and is parallel to the free bound-
aries of the heated area, the lateral expansion is absent. In the
noted area, the plasma is heated by the counter propagating
radiative fluxes. Maximal velocity of the heated Al plasma-
free boundary expansion can be estimated from the relation
of gas expansion into the vacuum (Zel’dovich & Raizer, 1966)

u = 2
γ− 1

cs,

where sound velocity is cs =
��������
γ(P/ρ)√

and γ is the adiabaticity
coefficient. The estimates show that the expansion velocity of

the laser-heated plasma spots is∼107 cm/s. The expansion ve-
locity of the Al layer heated by the radiation coming from the
hot spots is half as much. This means that the free boundary of
this layer will expand by 5 μm during 100 ps. One may consid-
er that 1D approximation is applicable to such time values, and
can assume that 1D analysis gives notion about the formation
of pressure jumps in the plasma.
A series of 1D calculations have been made for the Al of

2.7 g/cm3 density in the plane geometry, as shown in
Figure 6. The distance L between the hot spots of the heated-
up Al was varied.

Fig. 6. The scheme of numerical simulation geometry. At the initial time moment, the areas I and III are heated up to Tr 1.5 keV. The Al
initial density is 2.7 g/cm2. The distance between the heated layers L is varied.

Fig. 5. The radiation spectral flux incident onto the cold Al layer from the
hot boundary.

Fig. 7. The temperature (a) and pressure (b) profiles formed in the plasma
plane layer up to the time moments 20, 180 fs, 25, 75, 116, 175, 225, and
346 ps.
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The heating evolution of an Al layer is illustrated in the ex-
ample of a layer of L= 20 μm distance. The spectral flux
coming from the hot boundary to the cold Al layer has the
maximum at the quanta energy of 2.5 keV and drops rather
sharply on both sides of the spectrum (Fig. 7). The spectral
integral flux is ∼1017 W/cm2. Up to 280 fs, the flux intensi-
ty drops by ∼10 times.
By the time of 180 fs, under the action of such a high-

power flux, the temperature of the initially cold layer exceeds
100 eV (Fig. 7). The pressure is growing as well. Then the
pressure jumps formed by the radiation propagate into the
heated matter (25, 75 ps). At t= 116 ps, the pressure jumps
collapse in the center, the pressure reaches 240 Mbar, and
then the unloading waves come from the center.
Figure 8 illustrates the temperature and pressure profiles,

as well as the radiative flow and the electron heat-
conductivity flow in a heated Al layer at the moment 10 fs.
Negative values of the flux correspond to the heating of
cold Al from the right-hand boundary. The depth of electron
heat-conductivity flux penetration into the cold Al is minor
compared with the flux of self-radiation from the Al hot
spots (Fig. 8b). The penetration of the heating radiation
into the cold matter depends on the spectral energy of the ra-
diation. As a result of plasma radiative exposure, the plasma
self-radiation flow from the hot spots is decreased dramati-
cally and ∼10 times smaller by the time of 280 fs.
The Table 1 presents some of the results from numerical

modeling of the plane Al layer heating depending on the dis-
tance L between the hot spots. Here Pmax is the maximum

pressure in the center of a cold Al layer at the time moment
t(Pmax); Te, the electron temperature of the layer at this time.

4. CONCLUSION

Recent experiments demonstrated that the energy of subpico-
second or femtosecond laser pulses with relativistic intensity
approaching to∼1021 W/cm2 is efficiently converted to keV
X-ray radiation with intensities exceeding 1017 W/cm2. Our
1D two-temperature hydrodynamic simulations have shown
that within the frames of the discussed geometry, the forma-
tion of high-pressure plasma is possible under the action of
X-ray radiation produced by relativistic intensity laser inter-
action with thin foils. The life time of such plasma is
≲100 ps, since the lateral expansion and radiative energy
losses destruct the plasma. It will be very interesting to pro-
vide experimental investigations of various material defor-
mation dynamic and other aspects of high-energy density
science under such a strong shock wave generation by
using XFEL or any other hard X-ray probe instruments in
the future experiments. Combining these ultra-bright laser
plasma-produced X-ray sources and XFEL probe observa-
tions can provide much greater detail than had previously
been possible, probing ultra-fast lattice-level dynamical phe-
nomena and transient states associated with hundreds Mbar
shock compression, including laser ablation, shock forma-
tion, and phase transformations, which are all difficult to pre-
dict with only simulations.
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