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X-ray spectral measurement of high-temperature plasma
parameters in porous targets irradiated

with high-power laser pulses
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Abstract. The X-ray spectra of multiply charged ions were
recorded from planar agar (C{,H;30,), based targets with an
average density of 2 mg em ™ irradiated by high-power laser
pulses (A1 =1.054pm, 7 =25ns, I~5x10"° W em™2).
The spectra were recorded with a high spectral and spatial
resolution employing spherically bent (focusing) crystals of
mica and quartz. An analysis of the experimental data
obtained by the irradiation of Al,Oz-doped agar samples
allowed us to determine the main parameters of the plasma
produced inside the targets. The ion temperature of plasma in
low-density porous targets was estimated for the first time to
be 1.5—2 times higher than the electron temperature.

Keywords: high-power laser radiation, high-temperature plasma, X-
ray spectral lines of multiply charged ions, low-density porous
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1. Introduction

The investigation of physical processes occurring in plasmas
produced upon the interaction of high-intensity (10—
10" W cm™?) laser radiation with low-density (1—100
mg cm ™) porous materials is of great interest for some
promising fields of basic scientific research such as inertial
confinement fusion (ICF), the physics of high-energy den-
sities, and the laboratory simulation of astrophysical phe-
nomena. At the present-day stage of ICF research program
the key problem is the target design matching to laser pulse
parameters and irradiation conditions. One of the promis-
ing approaches is the target design optimisation by using
volume-structured low-density materials (for instance, in
order to provide the efficient smoothing of laser irradiation
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nonuniformities and ensure the stable compression of
fusion targets [1, 2]). Porous media doped with heavy
elements are currently actively investigated in the search for
the ways to control the spectrum of X-rays emitted by the
plasma [3].

In this paper, we present the results of experiments
performed on the ‘Mishen’ facility, which are a continuation
of the earlier studies of the laser—porous media interaction
[4—8]. The aim of our work is to obtain a more detailed
information on the plasma produced inside laser-irradiated
porous samples.

2. Experimental

The experiments were performed on the “Mishen’ facility [9]
in the ‘Troitsk Institute of Innovation and Fusion Re-
search’ State Scientific Centre. The facility had the follow-
ing parameters: a laser radiation wavelength of 1.054 um,
2.5-ns laser pulse with energy up to 100 J; and the energy
contrast ratio of no less than 10°. The laser beam was
focused on a target with a lens of 1:16 aperture ratio; the
average power density was ~ 5 x 10> W ecm™ over the
focal spot of ~ 250 um in diameter on the target surface.
Planar 300—500-pm thick targets fabricated on the base of
agar (C,H30y), with a density of 1 mg cm ™ were placed in
a vacuum interaction chamber. Fine-dispersed Al,O; powder
(with microparticle diameters of less than 1 pm) was intro-
duced into the agar samples as an admixture with the same
average density. The agar samples used in the experiments
had a chaotic structure of solid-density fibrous 1-2 pm in
diameter spaced at 10— 50 pm. In some experiments the 6-um
thick aluminium foils were also used as the targets.

The X-ray plasma radiation was analysed using four
spectrographs with spherically bent (focusing) crystals of
mica and quartz [10—12], which provided a high spectral
resolution (4/AJ = 5000) and a high spatial resolution of
~ 20 — 30 pm. The spectra of aluminium ions were recorded
in the second diffraction order by three mica spectrographs
and in the first order by the quartz spectrograph. The mica
spectrographs recorded the Hep line of Al XII ions
(A~ 6.63 A), the He, line of Al XII (4~ 6.31 A), and
the Ly, line of Al XIIII (4~ 7.17 A), while the quartz
spectrograph recorded the He, line of Al XII (4 ~ 7.76 A).
Note that the high sensitivity of the focusing spectrographs
allowed us to obtain the aluminium ion spectra in a single
laser shot.
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To control the focal spot dimensions, an X-ray pinhole
camera was used.

3. Experimental results and discussion

It was shown earlier [4—8] that upon irradiation of a
porous medium, laser light is absorbed inside the low-
density samples, and a high-temperature plasma layer is
produced inside the porous target. For a target with the
initial density of 2 mg cm™>, the depth of this layer was
300—-400 pm (in the direction of laser beam propagation).
For targets with the initial density of 10 mg cm >, the layer
depth was equal to 100—150 pm only. In the direction
perpendicular to the laser beam, the dimension of the hot
plasma region inside the porous target was somewhat larger
than the focal spot diameter and slightly depended on the
agar density.

The X-ray pulse duration recorded with vacuum diodes
and an X-ray streak camera was 3—4 ns, i.e., was nearly
equal to the laser pulse duration. The plasma electron
temperature 7, was determined by processing X-ray images
obtained with filtered pinhole cameras. For porous targets
with the density of 2 mg cm ™3, it was 0.8—1 keV near the
centre of the extended plasma region and decreased some-
what to 0.6—0.7 keV deep into the target.

In this work, we obtained spectra of multiply charged
aluminium ions with a spatial resolution along the normal
to the target surface in experiments on laser irradiation of
agar samples with the average density of 1 mg cm > doped
with Al,O; of 1 mg cm ™ average density too. The examples
of spectrograms are presented in Fig. 1. The longitudinal
depth of the emission region inside the low-density targets
was equal to 0.35-0.4 mm for all the lines recorded.

Quite unexpectedly, we observed in our experiments the
spectra of sulphur and chlorine multiply charged ions
(Fig. 1). These dopants are probably introduced in the
process of agar sample fabrication. As shown below, the
existence of sulphur and chlorine dopants turned out to be
very useful for solving some problems encountered in the
study.

The main results were supposed to be obtained from the
analysis of the Al XII ion spectrum [the resonance line He,;
(R), the intercombination line He,, (I), and the satellites (k,
7)) We planned to determine the plasma temperature and
density from the intensity ratios I, j/Ir and Ig/I;, respec-
tively. However, the high intensity of the resonance line Iy
resulted in the overexposure of the recording X-ray photo-
graphic film, and the above approach could not be realised.

Generally speaking, the plasma density could be deter-
mined from the intensity ratio /j ; /I, however, this ratio
depends not only on the density but on the temperature as
well. This fact implies that the He, spectrum of the Mg XII
ion could be used for the density determination only in
combination with independent measurements of the plasma
temperature.

We managed to estimate the plasma temperature due to
the presence of sulphur and chlorine dopants in the porous
target. Fig. 2 shows the relative intensities of the He, line
spectrum of the S XV ion recorded with the mica crystal in
the third diffraction order. The line intensity ratio 7 j/Ix
from this spectrogram resulted in 7, = 800 eV. This tempe-
rature value and the line intensity ratio 1, ;/I; for the Al XII
ion give the plasma density N, = 6 x 1050 em ™3

€

The spectra also contained the information on the
spatial distribution of the plasma parameters in the emission
region. By measuring the line intensity ratio I j/Irx we
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Figure 1. Spectrograms of line emission of Al XII, Al XIII, Cl XVI, and S XV ions recorded with the mica spectrograph upon laser irradiation of
Al,03-doped agar samples (n = 2 for the lines of aluminium ions and n = 3 for the lines of chlorine and sulphur ions).
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Figure 2. Relative intensities of the Al XIII line emission recorded in the
second diffraction order and of the S XV line emission recorded in the
third difraction order.

determined the electron plasma temperature in different
regions inside the porous sample, which was 750, 800, and
650 eV at distances of 190, 220, and 250 pum from the target
surface, respectively. Unfortunately, we failed to measure
reliably the spatial distribution of the plasma density from
the Al XII ion lines because the accuracy of T, measure-
ments was insufficient due to the low intensity of chlorine
spectral lines. The plasma parameters presented in Table 1
are related to the region located inside the porous sample at
a distance of ~ 220 pm from the target surface.

Table 1. Plasma parameters determined by different diagnostic techni-

ques.

Line intensity ratios 5
Ton used in the work N, /em T./eV
Cl XVI R/I < 10%
S XV R/I <10”
CIXVI k,j/R - 650—800
SXV k,j/R - 600—800
Al XII K, j/1 6 x 10

We also estimated from the spectra another very
important parameter — the plasma ion temperature. The
ion temperature was determined from the Doppler broad-
ening of the spectral lines. For the 2—1 transitions in the He-
like CI XVI ion at an electron density below 10*! cm™, the
Stark broadening is known to be very small. Because of the
low chlorine density in the target, the optical thickness of
the plasma is less than unity even for the resonance line.
Under these conditions, the line width is determined only by
the ion motion.

Note that the stage of plasma formation (evaporation of
individual structural elements of the porous medium and the
filling of the pores by hydrodynamic plasma flows) lasted
only 0.2—-0.3 ns under our experimental conditions [4],
whereas the laser pulse duration was 2.5 ns. Therefore,
the contribution from the macroscopic plasma flows to the
Doppler broadening can be neglected in the time-integrated
spectra obtained, and the ion plasma temperature can be
evaluated from the widths of spectral lines.

The relative full width at half maximum (FWHM) of the
Cl XVI intercombination line is AZ/1 = 4.9 x 107* (Fig. 3),
which gives T; ~ 1.4 keV, i.e., the ion plasma temperature is

1.5-2 times higher than the electron temperature. Note that
a significant excess of the ion temperature over the electron
temperature in a plasma produced by high-power laser
irradiation of low-density porous targets was theoretically
predicted in papers [13, 14], where the production of the
nonequilibrium plasma in a porous medium was analysed in
detail.

Thus, we have estimated for the first time the ion
temperature in a plasma generated by the laser irradiation
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Figure 3. Relative intensities of the Cl XVI ion line spectrum emitting
from the interior region of a low-density sample spaced at ~ 220 pm
from the surface under irradiation.

of targets made of porous materials. Under our exper-
imental conditions, the ion temperature was approximately
two times higher than the electron temperature.
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