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ABSTRACT

The generation of a plasma with an ultrahigh energy density of 1.2 GJ/cm® (which corresponds to about 12 Gbar pressure) is investigated by
irradiating thin stainless-steel foils with high-contrast femtosecond laser pulses with relativistic intensities of up to 10* W/cm?. The plasma
parameters are determined by X-ray spectroscopy. The results show that most of the laser energy is absorbed by the plasma at solid density,
indicating that no pre-plasma is generated in the current experimental setup.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0212545

I. INTRODUCTION

The investigation of states of matter with high energy den-
sity (>10° J/em®) is of great interest across various scientific
fields, including astrophysics,” strong-interaction physics,” plasma
physics and thermonuclear fusion,”” physics at high voltage and
high power,”® and particle acceleration techniques.”'’ Creating
such extreme states of matter in the laboratory typically involves
compression of heated matter or plasma using shock waves induced
by various tools such as gas guns, pinching discharges, and high-
power lasers."'”"” If it becomes possible to provide a high initial
density of matter through the use of solid targets and rather short
durations of the heating pulse (7125 << Texp ~ lplasma/Vs>» Where [yjasma is
the plasma size and v; is the ion-acoustic velocity), then high-energy-
density conditions can be created at least for times not exceed-
ing the plasma expansion time Tegp. Note that for times shorter
than 7eyp, the expansion of the plasma is one-dimensional and its

density decreases slowly, but for t > 7exp, the plasma expansion
becomes three-dimensional and its density decreases rapidly. When
a laser pulse interacts with a target, the size of the directly heated
area dplasma is almost equal to the focal spot and is 1-10 ym. The
expansion velocity of the ions is the ion-acoustic velocity, which is
not strongly dependent on the plasma temperature and has a typi-
cal value of about 107 cm/s. The condition T, < Texp requires laser
pulses with a duration of femtoseconds (71,5 < 10-100 fs). To achieve
this, femtosecond lasers with relativistic intensity can be used. There
has been significant progress in the development of these lasers
during the last ten years.'"

The use of ultra-intense ultrashort pulses enables higher tem-
peratures of the heated electrons and a higher electron density to be
achieved.

However, it is possible to increase the density in the absorp-
tion region if an ultrashort pulse irradiates targets that have not
undergone significant expansion on the front side. In this case, the
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laser energy couples directly into the solid-density material, and
the electron density significantly exceeds the critical density. This
enables the generation of a plasma with ultrahigh energy density
(>10® J/cm®). However, it requires very high-contrast laser pulses
to exclude target expansion during the laser prepulse.'*

In this work, we investigate the conditions that allow the gen-
eration of an ultrahigh density, ultra-high-temperature plasma with
an energy density of more than 10* J/cm® and a pressure of more
than 1 Gbar. We investigate plasma parameters measured by X-ray
spectroscopic approaches when targets are driven with a femtosec-
ond laser pulse with a laser intensity on the target of up to 5 x
10?! W/cm?. When the laser contrast is insufficient, but an ultrahigh
laser pulse is maintained, the energy concentration in the plasma
is still high, owing to the high relativistic critical density, but sig-
nificantly lower than in the case of solid-density plasma formation.
In practice, measuring the laser contrast in the 10'2-10" range is
challenging, and it is difficult to determine the contrast level of sin-
gle shots in advance. Nevertheless, by diagnosing the parameters of
the generated plasma, we can deduce the state of the target at the
time of the main laser pulse. If the target remains solid, this indi-
cates that the laser contrast is sufficient to minimize the pre-plasma
effects. In Ref. 18, it is shown that at a laser intensity of ~10%° W/cm?,
a typical laser contrast of 10" is required to eliminate pre-plasma
effects and that the requirements increase with increasing laser
intensity.

Il. EXPERIMENT
A. Experimental setup

The experiments were performed at the J-KAREN-P laser facil-
ity at the Kansai Photon Science Institute, Japan. The laser is a PW-
class hybrid laser system that combines optical parametric chirped
pulse amplification (OPCPA) and Ti:Sa chirped pulse amplification
technology. In the current experiments, the J-KAREN-P laser oper-
ated at a wavelength of 800 nm and delivered high-contrast (up to
10"%) pulses with a duration ¢ ~ 40 fs and an intensity Ij; of up to
5 x 10*' W/cm? on the target.'*'"’
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In our experiments, we systematically investigated the plasma
of thin stainless-steel foils under different laser conditions: on-target
intensity < 102 W/cm? and high contrast > 10™ (referred to as case
A); on-target intensity > 10 W/cm? and low contrast 10°~10° (case
B); and on-target intensity > 10°" W/cm® and high contrast ~10"
(case C). The laser contrast was measured using a Sequoia cross-
correlator (Amplitude Technologies). The parameters of the gener-
ated plasma, namely, its electron temperature T, and electron den-
sity Ne, were measured using high-resolution X-ray spectroscopy. A
sketch of the experimental setup is shown in Fig. 1. The laser beam
irradiated a stainless-steel foil (SUS, type AISI 304: Fe 72%, Cr 18%,
Ni 10%) with thickness 2 or 5 ym at an angle of 45° to the nor-
mal to the target surface. The p-polarized beam was focused by an
off-axis parabolic mirror with f/1.3 into a focal spot with diameter
d~2-4 ym.

The X-ray spectra of the plasma emission were detected by a
focusing spectrometer with spatial resolution (FSSR)*! with a spec-
tral resolution A/8A ~ 3000. The spectrometer was installed at a
distance of 2045 mm from the plasma source to provide registra-
tion of spectra emitted from the front side of the SUS foil surface at
an observation angle ~8° to the target surface normal.

The spectrometer was equipped with a spherically bent mica
crystal with radius of curvature R = 150 mm and lattice spacing
2d = 19.94 A or an alpha-quartz crystal with 2d = 2.36 A (orienta-
tion 31-40, radius of curvature R = 150 mm). X-ray spectra were
detected by an Andor DX-440 X-ray CCD with pixel size 13.5 ym.
The CCD matrix was protected against exposure to visible light by
two layers of 1 ym-thick polypropylene coated with 0.2 ym Al. In all
experiments, the spectrometer was aligned to measure K-shell emis-
sion of multiply charged Fe XXV and Fe XXVI ions (lines Heq, and
Ly.) and the characteristic lines K, g of the Fe I ion in the wavelength
range 1.74-1.97 A. This observation range corresponds to the eighth
(m = 8) diffraction order of the mica crystal and the first diffrac-
tion order of the a-quartz crystal. To suppress the contribution of
plasma emission in the low diffraction orders of the mica, we placed
a Mylar (C;9HgOy4) film in front of the crystal. The thickness of the
Mylar film was varied from 6 to 100 ym. As already mentioned, the

Laser pulse, A = 800 nm

wuw 08c

7
Bentcrystal \ | === = —

(mica or \'\\%T;:

alpha-quartz) | = X-ray CCD

FSSR

L =2045 mm

FIG. 1. Experimental setup. A femtosecond laser pulse with wavelength A = 800 nm is focused at an angle of 45° onto the surface of a steel foil target in a focal spot with a
diameter of 2—4 um to generate a plasma on the front surface of the target. The X-rays from the plasma are measured by the X-ray focusing spectrometer (FSSR) positioned
at a distance L = 2045 mm from the plasma source at an angle of 8° to the normal to the target surface.
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TABLE I. Main parameters of three experiments (cases A, B, and C) performed at the J-KAREN-P laser facility.

Parameter J-KAREN, case A J-KAREN-P, case B J-KAREN-P, case C

Energy (J) 7 14 9

Pulse duration (fs) 35 35 40

Focal spot diameter (um) 6.5 4 3

Laser intensity (W/cm?) 6 x 10% 3 x10% 5 x 104

Laser contrast >10'° 10°-10° >10%

Target thickness (um) 2 5 5

FSSR crystal Alpha-quartz, Mica, Alpha-quartz,
2d=236A 2d =19.94 A 2d=236A

X-ray spectrum Figure 2(a)

Figure 2(b) Figure 2(c)

experiments were carried out for different laser operating regimes
that differed primarily in terms of laser contrast and laser intensity
on the target surface. The parameters of the experiments are listed in
Table I. The measured X-ray spectra emitted by the SUS plasma in
the spectral range 1.73-1.97 A are shown in Fig. 2. The X-ray spectra
shown in Figs. 2(a)-2(c) correspond respectively to the experimental
conditions of cases A, B, and C described in Table I.

First, we compare the spectra measured in the experimental
cases A and B. Figure 2(a) clearly shows that the intensity of the
Fe He, line is lower, although experiment B was performed with a
higher laser pulse energy (14 vs 7 J in experiment A) and intensity
(3 x 10*! W/cm? vs 6 x 10*” W/cm? in experimental case A. In the
spectrum shown in Fig. 2(b), the Heq line of Fe XXV is very poorly
separated from the noise, whereas it is well defined in the spectrum
in Fig. 2(a).
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FIG. 2. X-ray spectra of stainless-steel plasma measured under the experimental
conditions described in Table I: (a) case A; (b) case B; (c) case C.

In case B, the laser contrast is much poorer. This means that the
drop in laser contrast to values of 10°~10° leads to pre-plasma for-
mation, which drastically (up to two orders of magnitude) decreases
the density of the heated plasma and consequently increases the time
required to complete the ionization processes by up to two orders.
The observed absence of He- and H-like iron lines in the spec-
trum in Fig. 2(b) makes it impossible to apply X-ray spectroscopic
approaches based on the consideration of line emission spectra.
Nevertheless, information about the temperature of the bulk of the
plasma electrons can be obtained by analyzing the continuous spec-
trum due to bremsstrahlung, as was done in Refs. 22 and 23. The
detailed calculation of the X-ray spectrum measured in case A is pre-
sented in Ref. 24 and will not be discussed in detail here. The X-ray
spectrum measured in case C is shown in Fig. 2(c). This spectrum is
particularly interesting because, as we will see below, it corresponds
to the case in which no pre-plasma is formed, and it becomes pos-
sible to heat the solid target to high keV temperatures and generate
a plasma with an energy density of ~1 GJ/cm’. In contrast to the
spectra in Figs. 2(a) and 2(b), the spectrum in Fig. 2(c) contains
intense lines corresponding to the transitions in H- and He-like Fe
ions. These can be used to determine the plasma parameters using
the following X-ray spectroscopic approaches.

B. Diagnhostics approaches

Note that in experiments with ultrahigh laser intensities, the
deviation of the contrast level from shot to shot, as well as the devi-
ation of other pulse parameters, can be significant. Therefore, the
question arises as to whether it is possible to determine the creation
of the pre-plasma with other diagnostic methods.

We propose the use of two X-ray spectroscopic approaches for
this purpose. The first approach allows a clear distinction of the con-
ditions for the interaction of the laser pulse with the target when
the main pulse is shielded by a pre-plasma or when no pre-plasma
occurs, and an ultrahigh energy density plasma is generated. The sec-
ond approach is based on registering and analyzing specific features
that can only appear in the emission spectrum if the plasma has a
high density.””* These are first, a broadening of the spectral lines
due to the Stark effect and, second, the relative intensities of certain
transitions in multiply charged ions (see, e.g., Ref. 27).

In our case, the spectral feature in the range of Fe XXV and Fe
xxVI ions (lines Heq = 1.85 A, Heqo = 1.86 A, and Lya = 1.77 A,
Lya = 1.78 A) and characteristic lines Ko = 1.94 A (Kp = 1.76 A)
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of Fe are under consideration. Note that since the measurements of
X-ray emission from the femtosecond laser plasma were performed
without time resolution, each observed spectrum represents a time-
integrated plasma glow consisting of emissions corresponding to the
decay of the dense plasma state. As a result, typical spectral features
of a dense plasma could be overlapped by spectral features emitted
at a later time of the plasma’s existence. Two diagnostic approaches
can therefore be used to investigate the interaction between the laser
pulse and the dense plasma.

The idea of this first approach is that the time of collisional ion-
ization in the plasma is inversely proportional to the plasma density.
Thus, if one knows to some approximation the lifetime of the plasma
in the hot state and uses a time-dependent kinetics calculation, one
can find maximum ionization states for each ion that correspond to
the solid or critical electron plasma density.

If the experimental spectrum shows lines emitted by ions in
states that can only be observed in a solid-density plasma, this clearly
indicates the absence of a pre-plasma in this experiment. As the ion-
ization time for solid and critical density would differ by two to three
orders of magnitude, the inaccuracy in the plasma lifetime estima-
tion may be considered negligible. This approach has already been
used in Ref. 24 to investigate the influence of laser pulse contrast
on femtosecond laser plasma formation in stainless-steel foils. The
method described is suitable for diagnosing pre-plasma formation,
although it cannot be used to obtain detailed information about the
plasma parameters.

The second diagnostic approach is based on the comparison
of experimentally measured spectra with corresponding modeled
spectra. It provides more detailed information about the plasma
parameters but is more complex and difficult to apply for the
following reasons.

In our case, the plasma parameters change rapidly both along
and perpendicular to the target surface. To achieve a high laser
intensity, the laser beam is usually focused on a focal spot with a dia-
meter of ~1.5 to 10 ym. Accordingly, the plasma parameters change
considerably in the same spatial dimensions. At such dimensions,
the spectra of the plasma emission cannot be detected with spatial
resolution. The measured spectra are therefore a superposition of
X-ray spectra emitted by plasma regions (zones) with very different
properties. Since the plasma parameters are continuous functions of
the spatial coordinates, it is necessary for an adequate description
of the observed spectra to consider a number of plasma zones with
different parameters, as has been shown in Refs. 24 and 28-30. It
is usually sufficient to consider two to three zones. The concept of
plasma zones is illustrated in Fig. 3.

The first plasma zone, zone 1 obviously corresponds to the
plasma region in which most of the energy of the laser pulse is
absorbed. Zone 1 has a transverse size that corresponds to the size
of the laser focal spot. If the wavelength of the heating laser pulse is
~0.8 ym and its intensity is a relativistic intensity Ij,; ~ 10'® to 10*!
W/cm?, the existence of a high-intensity laser prepulse leads to the
formation of a pre-plasma in the focal spot region. This plasma can
reach an electron density around the critical electron density.”""’
However, at ultra-relativistic laser intensities Ij,s > 10! W/cm?, the
plasma density in zone 1 becomes much higher, and, under certain
experimental conditions,”””! increases to the value of the relativistic
critical density or remains a solid density. Zone 2 is next to zone 1
and is heated by energy transfer processes from zone 1.

RESEARCH ARTICLE pubs.aip.org/aip/mre

X-ray
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Zone 3

keV photons hot
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FIG. 3. Sketch of femtosecond ultra-intense laser pulse interaction with foil in the
plasma zone concept.

Plasma zone 3 is the area of the solid target at a considerable
distance from the laser beam axis. The heating of zone 3 is mainly
due to hot electrons or intense X-ray photons emitted from the first
zone. We therefore assume that the ion density in zones 2 and 3 is
equal to the solid density Niz = Ni3 = Nj4o1d. However, the density
in zone 1 could be a solid density Ni; = N4 if there were no laser
prepulse, or, depending on the laser intensity and prepulse, a density
corresponding to the relativistic critical density Ne; = Ny el or the
nonrelativistic critical density N1 = Necr. This approach suggests
that the electron temperature decreases from zone 1 to zone 3, i.e.,
Tel > TeZ > TeS-

If the observed spectrum can be described by a sum of emis-
sion spectra from zones with different plasma parameters and if the
hottest zone has the electron density N, then, by comparing N
with the solid density and the relativistic critical density, it is pos-
sible to derive a plasma density in the region where the main laser
pulse has mostly been absorbed. It is also possible to directly esti-
mate the energy density of the free plasma particles. The validity of
the second approach requires the presence of a sufficient number
of spectral transitions in the measured spectra. In addition, a high
spectral resolution of the X-ray spectra must be provided. The imple-
mentation of the second approach for the spectrum measured in case
C s discussed in Sec. 111 B.

lll. RESULTS AND DISCUSSION

A. Calculation of time dependence of formation
of He-like and H-like Fe ions

First, we use the first diagnostic approach and consider the
time dependences of the formation of He-like Fe XXV and H-like Fe
XXVI ions in plasmas with different electron densities and electron
temperatures (Fig. 4). Calculations are performed under the assump-
tion of a time-dependent radiational-collisional kinetic model
using the computational code PrismSPECT*” " for the following
cases: a solid-density plasma with temperature 3000 eV (shown
in black in Fig. 4), relativistic-density plasmas at laser intensities
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FIG. 4. Time dependences of concentrations of He-like Fe xxVv (solid lines) and H-like Fe xxviI (dashed lines) ions calculated for electron temperatures of 1000 eV (a)
and 2000 eV (b) and critical plasma densities, correspondent to different laser intensities (in different colors). Black curves correspond to the case of solid density
(Nisoia = 8 x 10?22 cm~2) and electron temperature T, = 3000 eV. Gray curves correspond to the case of nonrelativistic critical density (Necr ~ 1 x 102" cm=2) and

electron temperature T, = 3000 eV.

1 x 10*! W/em? (in blue), 3 x 10*' W/cm? (in red), and 5 x 10?!
W/em? (in green) with temperatures 1000 eV [Fig. 4(a)] and 2000 eV
[Fig. 4(b)] and a critical-density plasma with temperature 3000 eV
(in gray). In all cases, the dependences for He-like and H-like Fe
ions are indicated by solid and dashed lines, respectively. The calcu-
lation results showing the typical plasma lifetime for the formation
of He-like Fe XXV and H-like Fe XXVTI ions are presented in Table II.

As we can see from Table IT and Fig. 4, the Fe ions with main
K shell can only be produced at a reasonable plasma lifetime if the
plasma density notably exceeds its nonrelativistic critical value Ne,cr
~ 10%! cm™. Generation of H-like Fe ions is only possible at laser
intensities Iy, > 10%! W/cm?, i.e., if the plasma electron density is not
less than 3 x 10?2 cm™ and corresponds to the relativistic critical
density. The formation of H-like Fe states becomes more effective
in the case of a plasma with a solid density that is heated to a
temperature of ~3000 eV (see Table II).

As can be seen in Fig. 2(a), the laser contrast increases up to
10%°, and so the spectral lines of He-like Fe XXV ions can be observed
continuously even at a laser intensity Ij; ~ 6 x 10 W/cm?, which
is lower than in case B. At the same time, the emission of H-like
states is almost absent in the spectrum. From the calculations shown
in Fig. 4(b), it follows that the plasma density in the focal spot
region must have a relativistic critical density to enable such con-
ditions to be achieved within a plasma lifetime of the order of a few
picoseconds. This was also shown in Ref. 35.

Let us now look at the spectrum in Fig. 2(c), in which many
intense Fe lines of the K shell can be seen. First, we note that the pres-
ence of bright emission of H-like Fe XX VT ions in the spectral region
of the Ly, line, together with the calculations shown in Fig. 4(b),
suggests that the plasma formed under experimental conditions in
case C has a bulk electron temperature of the order of 2000 eV and
a density higher than the critical density. The observation of intense
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TABLE . Results of the calculation of the time dependence of the formation of He-like Fe xxv and H-like Fe xxv1 ions in plasmas with different electron densities and electron

temperatures.
Plasma density Plasma temperature ~ Time for He-like Fe XXv  Time for H-like Fe XXVI
Plasma density type (cm™) T. (eV) ion formation (ps) ion formation (ps)
Nonrelativistic critical electron density Neer ~ 1 x 102 3000 10-20 70-100
Solid ion density Nisolid = 8 x 10% 0.01-0.02 0.05-0.08
Relativistic critical electron density
for I ~ 1 x 10*! W/cm? Nreler ~ 3 x 107 2000 0.2-0.3 1-2
Relativistic critical electron density
for Iy ~ 3 x 10 W/cm? Nieler ~ 5 x 107 0.1-0.2 0.6-1
Relativistic critical electron density
for Iy ~ 5 x 10*! W/em® Nreer ~ 6.5 x 107 0.07-0.1 0.1-0.3
Relativistic critical electron density
for Iy ~ 1 x 10** W/cm? Nireper ~ 3 x 102 1000 1-2 10-20
Relativistic critical electron density
for Iy ~ 3 x 10 W/cm? Nieler ~ 5 x 107 0.8-0.1 7-10
Relativistic critical electron density
for I ~ 5 x 10°! W/cm? Nieler ~ 6.5 x 102 0.2-0.3 2-4
well-resolved spectra of H- anc.i He-like Fe ions allows us to apply 0.9 _(a') T "ie:, 12 \ i ITe',=' 5000 oV
our second approach to determine the plasma parameters. | ~ ]
- KU.

B. Modeling of X-ray spectrum measured 06 Ly 1.2 \Li-like
in experimental case C [ Yo 1 7 sat

To model the X-ray spectrum shown in Fig. 2(c), kinetic cal- 0,3 H j-sat -
culations are performed within the collisional-radiation model, F
including radiative transfer effects, using the computational code g 0 faa e )
PrismSpect mentlonedv aboye. _The plasn_la volume is divided into S o9 (b) = 13000 eV—
three plasma zones with significantly different parameters. Each o I
zone is associated with the emission of specific spectral lines. E b

Let us consider X-ray emission from plasma zone 1. Since we > 06F
have defined zone 1 as the hottest plasma region, the influence of g r
K-shell emission from this zone is most important and should g 03 i
largely describe the emission of He- and H-like Fe ions. Good agree- £ 77
ment between the modeling and the experimental spectrum can best 4 - J : ?“\
be achieved by varying the values of Te1, N1, and the plasma thick- ; 0 |4 Ao o
ness /1. In our considerations, the transverse size of the first plasma 0,9 ‘(C) = 1000 eV
zone dplasma1 cannot be larger than the diameter of the laser focal |
spot. The parameter dpjasma is limited by dpjasma < 2 pm. The longi- 06k
tudinal thickness of the plasma /; is defined by the expansion of the .
plasma perpendicular to the surface of the target. Assuming a one- "
dimensional expansion, the plasma thickness in zone 1 is estimated 0,3
as Iy ~ 0.5 ym in the case of Ney = Ngojig or I; ~ 2 ym in the case of
Nei = Nyl (for a laser intensity of 5 x 10 W/cm?). The optical 0 AI

thickness of the plasma is considered using the Biberman-Holstein
approximation for the escape factor.

We must emphasize that at an electron density corresponding
to the nonrelativistic critical density N ~ 10! cm™3, the spectrum
in Fig. 2(c) cannot be described by any values of plasma temperature
or plasma size, including the case of an optically thin plasma (I — 0).
Figure 5 clearly shows this situation. The modeling in the large T
range from 1000 to 5000 eV (the red lines in Fig. 5) does not match

1,75 1 80 1 85 1 90 .9
Wavelength (A)

FIG. 5. Dependence of X-ray spectra emitted from plasma zone 1 with critical
electron density (Nt = Neor = 1 x 102" cm=3) on the bulk electron temperature
of the plasma Te1; (@) Ter = 5000 €V; (b) Ter = 3000 €V; (c) Ter = 1000 eV.
The modeling results are shown by red lines. The X-ray spectrum measured in
experimental case C is shown filled in with gray shading.
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FIG. 6. Dependence of X-ray spectra emitted from plasma zone 1 on bulk plasma electron temperature: (a) for electron density Ne = Nreicr
intensity of 5 x 102" W/cm?) and plasma thickness /4 ~ 2 um; (b) for solid density N;soiq = 8 x 102 cm~

by red lines. The X-ray spectrum from Fig. 2(c) is shown filled in with gray shading.

the X-ray spectrum measured in experimental case C. Here and in all
other figures, the X-ray spectrum measured in case C [see Fig. 2(c)]
is shown filled in with gray shading for better illustration and easier
differentiation from the modeling results.

At first glance, the choice of the relativistic critical density [see
Fig. 6(a)] allows the ratio of the relative intensities of the Ly, and
He, resonance lines to be described. However, as in the case of
nonrelativistic critical density, the model calculations for the rela-
tivistic critical density cannot describe the experimental spectrum
in the wavelength range 1.87-1.90 A, in which the Li-like satellites
of the He, line are located. The situation changes significantly if
it is assumed that the plasma generated in zone 1 has a solid den-
sity Nigolid = 8 X 10?2 cm™>. For this case, the modeling results for
different electron temperatures are shown in Fig. 6(b).

As can be seen in Fig. 6(b), we can describe the experimen-
tal spectrum near the Ly, line and the experimental values of the
relative intensities of the resonance lines (Lys and Heq1). Good
agreement between modeling and measurements in the wide spec-
tral range A = 1.75-1.87 A is achieved at a bulk plasma electron
temperature T,; = 1800 eV and a plasma thickness I; = 0.5 ym.

Since there are no lines associated with transitions in less-
ionized Fe ions (Be-, B-, C- and N-like states) for this T, in the
modeling spectrum, but these lines are present in the measured spec-
trum, we have considered the emission of these lines as radiation
from plasma zone 2, which has a lower temperature. The modeling
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= 6.5 x 10% cm~3 (the laser
% and plasma thickness /1 = 0.5 um. The modeling results are shown

shows that the contribution of the satellite emission to the result-
ing intensity in the right wing of the Heq, line depends strongly
on the temperature and density (Figs. 7 and 8). Figure 7 shows the
emission spectra of Fe ions calculated at a solid plasma ion density

170 T T 5 T T T
[ |Exp.case"C" He 1
——Te2=300 eV u .
— 08 —Te:=400ev L ]
n Y - sat
-'é' ——Te2=500 eV
g Te>=600 eV
5 g —Te=800eV i
2z Teo= 1000 eV a
(7]
c
2
£ 044 i
> Ly, 12
o Be, B, C,
= N...Na- like
0,2 2
0-

1,75 1,80 1,85 1,90 1,95
Wavelength (A)

FIG. 7. Emission spectra of Fe plasma calculated at solid plasma ion density N; s
=8 x 102 cm~3 for different plasma temperatures Te. The 0.1% of hot elec-
trons with temperature Tpot = 10 keV are included in the calculations. The X-ray
spectrum from Fig. 2(c) is shown filled in with gray shading.
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FIG. 8. Emission spectra of Fe plasma calculated as superpositions of emission
spectra from zone 1 (Teq = 1800 eV) with Ney = Ngoig @nd from zone 2 at fixed
plasma solid ion density N;soiq = 8 x 1022 cm=2, for different plasma temperatures,
with the inclusion of 0.1% of hot electrons with temperature Ty = 10 keV. The
X-ray spectrum from Fig. 2(c) is shown filled in with gray shading.

N; = 8 x 10% cm™ for different plasma temperatures. The 0.1% of
hot electrons with a temperature Tho = 10 keV were included in the
calculations. We will show that the plasma temperature that allows
a description of the Li-like Fe ion states is about Te, ~ 1000 eV and
that a temperature T.; ~ 500 eV is required to describe the Be- and
B-like states.

Let us now fix the ion density Njjq = 8 X 102 ¢cm™ and
consider together the modeling obtained for zone 1 at electron tem-
perature T, = 1800 eV [Fig. 6(b), second from top] and the above
result for zone 2. Figure 8 shows the sequence of spectra obtained
as the sum of the spectra of zones 1 and 2 for different T, in the
range 500-900 eV. The spectra are considered with equal weight
coefficients. Figure 8 shows that the situation is still complicated. By
adding a second plasma zone with T, ~ 500-900 eV, either the mea-
sured spectrum in the wavelength range 1.89-1.91 A can be fitted,
but with the description of the Li-like lines in the range 1.87-1.89 A
remaining incomplete, or conversely we can obtain good agreement
between experiment and modeling for intense Li-like satellites, but
with a large discrepancy in the range 1.88-1.91 A.

Note that in both cases the relative intensity of the spectral lines
in the range of 1.85-1.87 A is significantly higher than the exper-
imental values. The reason for this unsuccessful description of the
spectrum is that the value chosen above T,; = 1800 eV for zone 1,
which correctly describes Ly, with the satellites and correctly reflects
the ratio of the relative intensities of the resonant Ly, and Hea
lines, was set too low.

This refers to the earlier assumption that the emission of
He-like ions is only from the first plasma zone. However, in a
solid-density plasma, spectral features associated with transitions in
helium-like Fe ions appear to a small extent already at a temper-
ature T, = 400 eV [see Fig. 6(b)]. For this reason, the resonance
line He,1 cannot be considered as a spectral feature emitted only by
zone 1. Therefore, it is necessary to find a T.; at which the ratio
Lya1/Heq corrects the modeled spectrum near He, and ensures
good agreement in the spectral region including Ly, and its satel-
lites. The contribution to the sum of the modeled spectrum from
each plasma zone must remain proportional.

3
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It is obvious that choosing a higher T.; requires a higher value
for T,,. For Te; ~ 2000 eV, the relative intensities of the intercombi-
nation line Hey, and the Li-like satellites are already lower than the
intensity of the resonance line Heq; [see Fig. 6(b)] and do not corre-
spond to the experimental values. This inevitably leads to the choice
of a T that corresponds to an intense excitation of Li-like states and
provides a sufficient contribution for zone 2 in the sum modeling the
spectrum in the range 1.87-1.90 A. Since lines of hydrogen-like Fe
ions appear in the spectrum at T,; > 1100 eV, this implies that the
effects of zone 2 in the spectral region include Ly, and its satellites.
We also note that the choice of electron temperature in zone 1 has
an upper limit of ~3000 eV, since at T.; > 2500 eV, the contribu-
tion of zone 1 to the total spectrum is considerably lower than the
contribution of zone 2.

In a few iterations, we gradually increase the plasma tempera-
ture in zone 1 from the lowest value T,; = 1800 eV to T.; = 3000 eV
and adjust the corresponding electron temperature in the range
400 eV < T,; <1100 eV. We find that the best agreement between the
modeled and measured spectra is achieved in a wide spectral range
when considering the electron temperatures T, = 2500 eV and
Ter =900 eV (see Fig. 9).

X-ray emission from the third, coldest, plasma zone 3 is con-
nected with the appearance of the K, line in the spectrum. This line
corresponds to transitions in atoms and ions of iron with an ion-
ization state not higher than 3. These states are generally caused by
hot electrons that have heated the target to a temperature of a few
tens of eV. The shape of the K, line and its position in the spectrum
can be used to determine the temperature of the plasma electrons in
zone 3. In case C, this temperature is Te3 ~ 80 (£30) eV.

If we sum the emission spectra from all three plasma zones, we
obtain a good description of the experimentally observed spectrum
in the entire observed spectral range. This can be seen in Fig. 10,
which shows the X-ray spectrum measured in case C and the model
spectrum calculated for the parameters listed in Table I11.

1.0 Exp. case "C" He,1 -
T a0 eV Li-like
—Te2=700 &V b
0.8 Tez =900 eV ; //

Te2=1100 eV

0,61

0,4+

X-ray intensity (arb.units)

0,2

Ay

1,95

1,75 1,80 1,85 1,90
Wavelength (A)

FIG. 9. Emission spectra of iron plasma calculated as superposition of
emission spectra from zones 1 and 2 at fixed plasma solid ion density
Nisoig = 8 x 10% cm=2 and a temperature in zone 1 of T = 2500 eV for dif-
ferent plasma temperatures Tg,. The X-ray spectrum from Fig. 2(c) is shown filled
in with gray shading.
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FIG. 10. Comparison of the results of kinetic modeling obtained under the assumption of X-ray emission from three different plasma zones and the experimentally measured
spectrum for a laser intensity on target fy = 5 x 102! W/em?. (a) Sum of the modeled spectra for the three main plasma zones compared with experimental case C. (b)

Contributions of each plasma zone in the sum of the modeled spectra.

TABLE lIl. Plasma parameters used in the calculations to describe the X-ray spectrum measured in experimental case C.

Parameter Zone 1 Zone 2 Zone 3
N; (cm™) 8 x 102 8 x 10% 8 x 10%
N, (em™) 1.94 x 10* 1.8 x 10* 5.5 x 10%
T, (eV) 2500 (+200) 900 (+100) 80 (+30)
Thot (keV) 0.1%, 10 keV 0.1%, 10 keV 0.1%, 10 keV
Electron energy density (J/em®) 1.2 x 10° 0.4 x 10° 1x 10’

As can be seen from Fig. 10, to describe the X-ray emission of
the plasma generated by irradiating thin SUS foils with femtosecond
laser pulses with ultrarelativistic intensities (I, ~ 5 x 10*! W/cm?), it
is necessary to consider at least three plasma regions. Of course, the
consideration of three zones is a rather rough approximation that
only describes the most intense parts of the observed spectrum well,
but this is already sufficient for many cases.

If a more precise description of low-intensity spectral features
in the 1.88-1.91 A range is required, we can divide zone 2 into two
subzones 2.1 and 2.2 with different electron temperatures and solid
densities, as has been done in Ref. 22. For the spectrum in Fig. 2(c),
which includes subzone 2.2 with T2 ~ 400 eV, a more accurate
agreement between modeling and experiment can be achieved in the
wavelength range 1.88-1.91 A (see the green curve in Fig. 10). Divi-
sion of zone 3 into two subzones 3.1 and 3.2 with T3 ~ 170 eV and
Tes2 ~ 80 eV also improves the agreement between modeling and
experiment in the spectral region near the K line.

C. Discussion

In experimental high-energy-density physics, it is important
not only to create the plasma in question, but also to measure (or
at least estimate) its parameters. In the case of relativistic laser plas-
mas, the dimensions of the object are very small, owing to the
necessity of using high laser intensities and consequently extremely
small sizes of the focal laser spot. As a result, the dimensions of
the object are smaller than or of the order of the spatial resolution
of the X-ray spectrometer, and only spatially integrated emission
spectra are available for diagnosis. At the same time, the relativistic
plasma is very inhomogeneous despite its small size, and it is usu-
ally impossible to describe its emission spectrum, which is caused by
transitions in ions of different multiplicity, by single values of den-
sity and temperature. A possible solution to this problem is to divide
the entire plasma into several zones with different temperatures and
densities. To prevent the number of free parameters from becoming
too large, it is advisable to include as few zones as possible in the
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consideration, and the subdivision into zones should be physically
justified by the predominance of certain physical processes in each
of them.

In this paper, using the spectra of a Fe plasma as an example, we
have shown that it is possible to estimate the probable value of the
plasma density and electron temperature corresponding to the max-
imum ionization states for each ion (see Fig. 4 and Table IT). We have
demonstrated that it is sufficient to consider three plasma zones to
describe the emission spectrum of H-, He-, and Li-like Fe ions. The
good agreement between experimental measurements and the mod-
eled X-ray spectrum gives confidence in the assumption of different
plasma zones, allowing us to determine the electron temperature in
each region. In particular, we have observed that the target region
heated by the main laser pulse, zone 1, reaches T, ~ 2500 eV,
while the peripheral target region around the focal point is heated to
Te ~ 900 eV and the region far from the laser axis has a bulk electron
temperature T3 ~ 80 eV. An intriguing and unexpected observa-
tion is the absence of a plasma zone at the critical electron density
Necr. This indicates that the laser contrast was high enough to pre-
vent the formation of a pre-plasma and allow direct absorption of
the laser energy in the solid-density target. This enabled the gener-
ation of record high energy densities of 1.2 GJ/cm® in the focal spot
region and ~10 MJ/cm” in the peripheral target region.

IV. CONCLUSION

We have demonstrated the generation of matter with an energy
density of ~1.2 GJ/cm® (which corresponds to about 12 Gbar pres-
sure) in a laboratory experiment by the interaction of ultrarelativistic
high-contrast femtosecond laser pulses with flat SUS foils. A fur-
ther possibility to increase the energy density will be available with
the commissioning of new laser systems with intensities of more
than 102 W/cm?.'>'>*® High-resolution X-ray spectroscopic meth-
ods are still effective to study the extreme states of matter produced
in new-generation laser systems. However, a deeper understand-
ing of the underlying physical processes requires more complex
approaches to the modeling of spectra of multiply charged ions,
including nonstationary cases.
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