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Abstract. Study of warm dense matter remains a very important task for understanding of
many unique phenomena observing as in astrophysical research as in inertial fusion and fast
ignition. In this work, we studied the parameters of plasma created by 1.7 ps laser pulses of
relativistic intensity of 7 × 1018 W/cm2 in a specially designed Al–Cu wire-shape target, in
comparison with a flat Cu and Al foil targets. We observed the strong emission of neutral or
virtually neutral Cu Kα line from both Cu foil and Cu wire part of targets, which indicates
the creation of a dense state exposed to the intense flow of hot electrons. Parameters of the
plasma were evaluated by comparison of experimental spectra with the results of modeling by
collisional-radiative kinetic code PrismSpec under the plasma zone approach. The using of
Al foil in front of Cu wire part of target allowed avoiding the direct heating of Cu-wire and
acquiring spectra of Cu K-shell emission evidently belonging to emission of warm dense matter
(WDM) state. The upper estimate for the electron temperature in WDM region was found to
be below 80 eV.

1. Introduction

Accurate and comprehensive studies of dense matter at extreme states are very important as for
understanding the unique astrophysical phenomenon and its following modeling in experiments
in laboratory conditions [1, 2], as for studying peculiarities appearing in inertial confinement
fusion research [3]. Estimation of the parameters like electron temperature and density allows
defining conditions and regime of heating of the plasma. One of the mostly challenging states
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of matter to be determined and investigated experimentally is warm dense matter (WDM).
This matter states corresponds to the plasma with near solid or solid density heated up to the
electron temperature of several to tens eV [4]. The WDM could be achieved in some plasma
regions formed during laser–target interaction when these regions are relatively outlying from the
interaction region where the main part of laser energy is absorbed [5]. However, the description
of physical processes remains very complicated due to strong interaction between particles [6].

In general, the radiative diagnostics of WDM state is complicated because of its low emissivity
compare to the emissivity of hot plasma created in the region directly heated by the laser.
For example, in [7], by means of x-ray spectroscopy with spatial resolution the parameters of
WDM isohorically heated by hot electron flow only had been evidently measured. The emission
spectrum of neutral Kα and its cold satellites was under consideration. It is well established that
interaction between the picosecond laser pulse and thin (µm thick) foil creates a big number of
hot electrons. Electrons with energy, not enough to escape the target, recirculating inside the
target plasma, enhancing strong sheath field which leads to more efficient ion acceleration [8].
On the other hand, electrons with the highest energy are able to escape the foil. Then a wire,
attached on a rear side of the foil, may guide those electrons and magnetic field around it. If the
incoming electron kinetic energy is enough to ionize inner shell electrons in the guiding material,
which remains in the solid density state, the characteristic K-shell radiation is emitted. This
emission can be used as diagnostic instrument.

One of the approaches for investigating WDM in experiments with laser-produced plasma is
an application of wire-shaped targets [4, 7]. Several types of wire targets were used to study
hot electrons propagation [9, 10]. The guiding of electrons along the metallic wire under the
balance of electric and magnetic fields, surrounding the wire, was theoretically predicted [11]
and observed experimentally [12,13].

The effect of K-shell emission from the copper wire, attached on the rear side of aluminum
foil, was observed at LFEX [14] laser experiments. At that experiments the ps-laser pulse with
an intensity of ∼ 1019 W/cm2 irradiated 10 µm Al foil with a backside attached complex wire-
shape structure. As a result of the efficient high energy electrons production inside the foil,
relatively strong Kα emission was generated practically in all volume of copper. The sketch of
the target and the pattern of Kα radiation measured by means of Kα imager technique [3] are
shown in figure 1. In the pattern (on left) it is seen that Kα signal is stronger where the parts of
the target are closer to the focal spot (red dot in the sketch), while some radiation also comes
from the wire part of the target. It is also can be seen that the shape of the volume, from which
Kα is emitted, closely corresponds to the shape of the target. It means that at the time of Kα

emission the target was not significantly expanded. In addition, the Al foil was not only the
source of hot electrons but also the source of protons, accelerated in direction normal to the
target by target normal sheath acceleration (TNSA) mechanism. This proton beam was used as
a probe for the radiography of electrical and magnetic fields created around the target. Although
the detailed discussion on proton radiography results is beyond the scope of current paper, we
would like to notice that those contain some specific feature in the distribution of deviated
protons, which could be attributed to the influence of encircle magnetic field caused by electron
motion, induced in the wire. The formation of such encircle magnetic field gave an evidence
of correctness of the theoretical prediction and numerical simulations [11]. In perspective, by
attaching the second wire to the first one it will be possible to model a magnetic reconnection
effect with a reconnection point in the region between two wires. This task is a hot topic in
research with an astrophysical relevance [15].

Experimental confirmation of the generation of encircle magnetic field in the wire and
further investigations of the mechanism of magnetic field generation in described experiments
require to have comprehensive data about target heating, energy transport, particle energy
distribution and emission properties of the plasma. In particular, it is important to measure
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Figure 1. Image from Kα-imager (left): magnification is 20×, spatial resolution is 13 µm and
spectral bandwidth is 5 eV [3]. Sketch of the target with point of laser irradiation (right):
aluminum foil is shown transparent.

the electron temperature, the electron density and ionization state of matter created during
laser–target interaction. For that an x-ray spectroscopy is one of commonly used and powerful
diagnostic approach. In this article spectroscopic measurement presented for the test-case of
laser interaction with flat Cu target and for the cases of using Al–Cu wire-shape targets with
and without wire. Parameters of plasma obtained by comparison of experimental spectra with
the result of kinetic modeling by collisional-radiative spectral analysis code PrismSpect [16] are
under discussion.

2. Experiment

Experiment was done at the LFEX laser facility operated in the ILE, Osaka University, Japan.
We used two simultaneously delivered LFEX laser beams focused in one spot with a total energy
of 490 J on target within pulse duration of 1.7 ps. Laser beams were focused by two f/10 off-
axis parabolas in the focus spot about 60 µm on full width at half maximum (FWHM) which
corresponds to the peak intensity about 7× 1018 W/cm2. The contrast ratio of the laser pulse
peak and the prepulse at 200 ps before the main peak was estimated to be 1010 [17]. Experimental
setup and target configurations are schematically shown in figure 2. Laser pulse was directed
to the front side of the target at the angle 41.8◦ to its normal. X-ray emission spectra were
measured by two focusing x-ray spectrometers with high spatial resolution (FSSRs) [18] with
spherically bent crystals. The crystals provided high luminosity and the spectral resolution
about λ/∆λ ≈ 3000.

The first spectrometer, FSSR-F was equipped with alpha-quartz ([224̄3]) crystal with lattice
spacing 2d = 2.024 Å and was aligned to measure Cu K-shell x-ray emission at the wavelength
range ∆λ = 1.3–1.7 Å in the first reflection order.

The second spectrometer at the rear of the target, FSSR-R, was equipped with mica crystal
with 2d = 19.94 Å lattice spacing allowing to observe K-shell emission of both Al and Cu ions
in II and VIII reflection orders correspondingly. To reduce the contribution from the first order
of reflection the 25 µm thick polypropylene filter was placed in front of the crystal.
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Figure 2. Configuretions of experimental setup and targets: inset shows back side view of the
Al–Cu wire-type target(right bottom); the red points indicate the position of laser focus.

The crystal was aligned to work in VIII order of reflection to detect the signal from K-shell
emission of Cu ions (lines Heα with λHeα1

= 1.477 Å and λHeα2
= 1.485 Å, and Kα doublet

with λKα1
= 1.5406 Åand λKα2

= 1.5444 Å) in the wavelength range of δλVIII = 1.4–1.9 Å.
Simultaneously, in the II order of reflection the spectra containing lines of Al K-shell emission
(λLyβ

= 6.05 Å, λHeβ = 6.635 Å, λLyα
= 7.17 Å) were measured in the wavelength range of

δλII = 5.6 to 7.6 Å [19].
Measured time-integrated spectra were exposed on BAS-TR2040 image plates (IP). After

exposure, IPs were scanned using absolutely calibrated Typhoon FLA 7000 scanner [20] with
spatial resolution of 25 µm. To protect the IP against visible light, the windows of IP holders
were covered by 22 µm Al foil and 2 layers of (C6H6 2 µm + Al 0.2 µm) filter for spectrometer
with quartz and mica crystal, correspondingly.

3. Result and discussion

Initially a simple flat Cu foil was examined as a reference target. Target had thickness of 5 µm
and a size of 1 × 1 mm2. The data taken by FSSR-F spectrometer are given in figure 3(a).
The measured x-ray emission spectrum appears to be complex containing several group of lines
belonging to the different ionic charge states. Particularly, the appearance of He-like Cu XXVIII
resonance transitions (λHeα1

= 1.477 Å and λHeα2
= 1.485 Å) indicates that plasma reached high

ionization states and the temperature is significantly above 1 keV. At the same time the presence
of Kα and Kβ lines (λKβ

= 1.392 Å, λKα = 1.54 Å) points out to the contribution of a cold
plasma region exposed to a fast electron flow. Indeed, a simulation of spectral emissivity for
such plasma is rather complicated.

Kinetic modeling of the measured spectrum was carried out using the PrismSpect collisional-
radiative computational code at the steady state approximation [16]. At first it was found that
x-ray yield in the spectral range of the Heα line can be well fit if to imply the electron density
Ne1 = 1 × 1021 cm−3 and the electron temperature Te1 = 3000 eV, while the 0.1% fraction
of hot electrons with the temperature of Thot = 10 keV was included in the modeling. The
simulated intensity profile is shown in red in figure 3(b). At once, it is clearly seen that the
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Figure 3. (a) X-ray spectrum, measured by FSSR-F for reference Cu 5 µm flat foil target; (b)
evaluation of electron temperatures for Cu zone 1 corresponding to the focal spot region with
Ne = 1 × 1021 cm−3; (c) evaluation of electron temperatures for Cu zone 2 corresponding to
peripheral plasma region with Ni = Nsolid = 8.2 × 1022 cm−3; (d) comparison of experimental
spectrum with the sum spectrum modeled by plasma zones conception. In all panels the
experimental spectrum is shown in black.

modeling successfully describes only a small part of the experimental spectrum. Thus, the actual
experimental conditions could not be described by a plasma with only one set of parameters
averaged on time and space. Aside of the contribution from the hottest area emitting He-like
lines one should obviously consider the emission from a peripheral areas and later stages of
plasma evolution also.

To complete the modeling of our multicomponent spectrum, we perform simulation using the
approach, previously developed in [21–25]. There the plasma is considered to consist of several
regions, namely plasma zones, heated up by different mechanisms. The differentiation of the
total plasma volume into separate zones is shown schematically in figure 4(a). However, in real
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Figure 4. (a) Schematic diagram of plasma differentiation in the zone concept used for modeling
spectral emission from flat Cu target. (b) Experimental spectra measured from pedestal-shape
target. The main panel shows the Al spectrum recorded by FSSR-R spectrometer in the II
reflection order. The rise of intensity in the right wing of Lyβ due to Cu Kα emission from
VIII order of reflection is marked by red oval. Spectrum of Al foil 10 µm thickness recorded by
FSSR-F during another shot is presented in the inserted panel.

plasma a clear spatial allocation of individual zones appears as conditional. With a significant
degree of certainty, the first zone can be defined as the zone in which the target is directly heated
by a laser pulse. Other zones are peripheral and reflect the efficiency of secondary processes
transferring the energy from the hottest zone via conductivity by bulk thermalized electrons in
the nearest vicinity and by relativistic electron flow at distant area. In fact, in most cases that
processes occur on the spatial scale which cannot be resolved by existing experimental methods.

According with the plasma zone concept the modeling result given in figure 3(b) corresponds
to the contribution from the most ionized zone 1 heated up to 3000 keV temperature.
Presumably zone 1 is directly heated by the laser pulse and has a size approximately equal
to the diameter of focal spot of 60 µm.

Obviously, the rest part of the spectra is emitted by colder plasma regions. One can see two
important features in the spectrum. The first is the presence of group of satellites located on
the short wavelength wing of Cu Kα line. The variation of the plasma temperature, with the
assumption that peripheral parts of target remains solid of ion density Ni ≈ 8.2 × 1022 cm−3,
allowed to describe the part of the spectrum in the range of 1.51–1.53 Å. The best agreement
with the measured spectra in the range was reached at Te2 = 400 eV [red profile in figure 3(c)].
In turn, the second feature is in the presence of quite strong emission of neutral Kα and Kβ

lines, which points out on the existence of a plasma region being below 100 eV temperatures
but exposed to hot electron flow [peripheral zone 3 in figure 4(a)]. The red curve in figure 3(d)
shows the final comparison of the reference spectrum from flat Cu foil with the result of modeling
presented as a sum of the best fitting spectra obtained for different plasma zones.

To underline, the analysis of neutral Kα line profile is a powerful instrument to reveal the
parameters of such an isochorically heated warm dense matter [26, 27]. However, it is always
an issue how to discriminate the spectral contribution emitted by WDM far vicinity from that
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Figure 5. (a) Spectrum of wire-shape target measured using FSSR-R spectrometer equipped
with mica crystal in VIII order of reflection. (b) Comparison of experimental spectrum with
modeling results.

manifold brighter emission coming from a hotter plasma zone. In the particular spectra of the
flat Cu foil, the overlapping of the emission from zones 2 and 3 evidently makes the measurement
of Te in zone 3 impossible.

To mitigate the issue here we propose to implement the targets made of two different atomic
elements where the first will be exposed to the laser impact and the second, being placed at the
rear side of the target, will be heated up by secondary processes only.

To implement the idea the target schematically shown in the right-side bottom inset in figure 2
was chosen. At the back of 10 µm Al foil the copper wire was attached having 100 × 100 µm2

square cross-section, the pedestal arc (or yoke) with 100 µm central gap, and 1600 µm long
standing tip. The laser was focused on the Al surface to the point located in the middle of the
yoke gap.

Spectral data measured by FSSR-R spectrometer is shown in figure 4(b) and recorded in II
and VIII orders of reflection of mica crystal. Obtained spectrum contains of Lyα line emitted by
H-like aluminum ions confirming the plasma is highly ionized. In turn, hot electrons effectively
accelerated on the front surface of the target, propagated deep into Al and Cu layers and did
initiate an intense bremsstrahlung radiation together with a neutral Cu Kα emission. Though
Cu Kα (λKα = 1.54 Å) relative intensity appeared to be weak, it was reflected by VIII order
of the crystal being 3 times less reflective than the II order delivering Al emission. For the
reference one may also note the spectrum obtained for a pure Al target containing no spectral
feature in the range of Cu Kα line appearance.

Figure 5(a) represents the spectrum obtained by FSSR-F spectrometer equipped with quartz
crystal and not suitable to register Al K-shell emission. The spectrum has significant distinctions
compare to the flat foil case [see figure 3(a)], as there are no spectral components emitted by
a highly charged (H-, He-, Li-like) Cu ions but Cu Kα line only. It confirms the direct heating
of the copper matter by the laser was avoided, and the Cu spectra can be analyzed as being
fully belong to a peripheral area heated by hot electron flow. Another evidence of the wire
heating is the x-ray image shown in figure 1, where the signal came not only from copper
pedestal but also from the wire itself. Since Kα photons mean free pass in copper is 15 µm [28]
it is possible that high intense Kα emission is generated when the electrons propagate on the
surface of the wire, as it was described in [10, 11]. In figure 5(b), the spectra measured in
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the case of the wire-shape target are compared with the results of kinetic modeling in the Kα

spectral region. Under reasonable assumption the ion plasma density to be of the solid state
one Ni = Nsolid = 8.2 × 1022 cm−3, we varied the electron temperature to find the best match
in the profile of Kα doublet. The temperature appears to be not so high to modify the profile
of the line significantly. Paying the attention to the short-wavelength wing of the line, we can
conclude the observed line is narrower than for the cases of 90 and 100 eV in the modeling.
Accordingly, the outcome is the upper-limit estimate for the electron temperature in the wire
and yoke pedestal (all representing zone 3) to be of Te 6 80 eV. In the same time, one should
expect less effective heating and lower temperatures about 10–30 eV. The sensitivity of the Kα

line profile to the lower temperature values directly depends on the number of bound electrons
on the outer shell of an ion. So, in order to provide more careful revealing of the temperature in
WDM region of the laser irradiated target, the wire (or in general—a periphery of the target)
should be manufactured of moderate-Z metals like Ti or V.

Most obviously the heating is caused by hot electron current induced in the solid copper,
as it was already well-studied [29–31]. In addition the matter could be heated radiatively by
intense x-rays generated in the hot zone. Radiative pumping mechanism might even dominates
over collisional processes in ultra-relativistic solid density laser plasma [32, 33]. If the case, it
leads to a large populations of hollow atoms states to be clearly distinguished due to their x-ray
emission in a specific range of K-shell spectra. However, those spectral features are not observed
in the spectra and so we conclude the heating of the wire is governed by hot electrons.

4. Conclusion

By means of high-resolution x-ray spectroscopy we investigated the parameters of plasma created
by 1.7 ps laser pulses of relativistic intensity of 7 × 1018 W/cm2 in a specially designed Al–Cu
wire-shape targets, in comparison with a flat Cu and Al foil targets. The strong emission of
neutral or virtually neutral Cu Kα line is observed from both Cu foil and Cu-wire part, which
indicates the creation of a dense state exposed to the intense flow of hot electrons. Parameters
of the plasma were evaluated by the comparison of experimental spectra with kinetic modeling
results provided under the plasma zone approach. In the case of Cu foil target plasma parameters
were determined for the hottest plasma region (Te1 = 3000 eV; Ne1 = 1 × 1021 cm−3) and in
the hot peripheral zone (Te2 = 400 eV, Ne2 = 1.5 × 1024 cm−3). However, it was impossible to
reveal the temperature for the further, warm plasma zone, due to the spectral overlapping in the
emission from hot and warm zones. To mitigate the issue it is suggested to use a target made
of two different materials where the first is exposed to the laser impact and the second, being
placed at the rear side of the target, to be heated up by secondary processes only. The concept
is realized with a special Al–Cu wire target having its own research attraction in the context
of magnetic reconnection studies. By laser irradiation of 10 µm Al foil substrate we succeed to
avoid the direct heating of Cu wire at the back side of the target. Correspondingly, the acquired
spectra of Cu K-shell emission purely belonged to the emission of WDM wire heated by an
intense flow of hot electrons.

The profile of the measured Cu Kα line was analyzed with the comparison to the results of
atomic kinetics modeling. The upper estimate for the electron temperature in WDM region was
found to be below 80 eV. The concept with double-element targets to provide x-ray spectroscopy
measurements of laser-generated WDM parameters to be done at full with a proper choice of the
peripheral target layer (or of a structure at the back of the target) made of moderate-Z metals.
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