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ABSTRACT

The presence of an obstacle on the path of laser plasma expansion in vacuum leads to an increase in
the ion charge multiplicity, an expansion of the energy spectrum, and an increase in the total number
of ions. The peculiarities of the interaction with a solid-state obstacle are largely associated with the
appearance of a shock wave in it, which affects the course of recombination processes. It is shown
that it is possible to control the parameters of a recombining laser plasma by changing the
expansion dynamics at later stages using solid-state obstacles.
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Introduction. Controlling the physical processes of ionization, recombination, and acceleration of
multiply charged ions (MLI) of a laser plasma is important both in the elemental analysis of the
composition of matter and in the creation of an active medium for lasers operating in the UV region
of the radiation spectrum.

Recombination at the stage of hydrodynamic plasma expansion after the end of the laser pulse makes
a significant contribution to the formation of the energy spectra of ions with different charge
multiplicities [1-2]. Plasma formed by this time does not necessarily contain the entire set of ions
then observed. By changing the conditions of the recombination process, it is possible to influence all
aspects of the dynamics and kinetics of the expansion of a multiply charged plasma [3-4].

Objectives. In this paper, we consider the effect of obstacles on the path of laser plasma expansion,
on the main characteristics of multiply charged ions flying into vacuum[1-10].

Methodology. The experiment used the method of time-of-flight laser mass spectrometry. Radiation
from a neodymium laser with an energy of ~ 50 J and a pulse duration of 50 ns provided the
maximum radiation density on the target surface of ~ 10'> W/cm?®. A flat screen made of pure
aluminum (Al), placed at a distance / to the target, was used as an obstacle. This distance could be
smoothly varied within 2 </ < 30 mm along the axis of the time-of-flight analyzer. Aluminum was
also chosen as a target. To ensure the reliability of the results under the same conditions, the
experiment was repeated several times. At the same time, good repeatability of the obtained data was
observed[11-18].
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Figure 1. Charge spectra of multiply charged Al ions obtained at

q=3-10" W/em?;

a - in the presence of a solid-state obstacle Al on the path of plasma expansion (the distance between
the target and the obstacle is 12 mm);

b - with free expansion of plasma.

The experimentally recorded maximum multiplicity of the MLI charge AL at a laser power density =
3 10" W/em?® was zmax = 7 (Fig. 1.b.). In the presence of an obstacle (1= 12 mm) on the path of the
plasma expansion into vacuum, the value of zy,,x of Al ions increased by 2, i.e. Zm.x = 9 (Fig. 1.a.). To
obtain the same zmax in the absence of an obstacle, it was necessary to increase the power density to
q=28 - 10" W/ecm®. The dependence of the maximum ion charge on the distance between the target
and the obstacle was established.

To compare the zp,, formed in plasma and recorded at a distance, their average z,, values were
calculated. By solving the equation of stationary plasma flow for a certain characteristic point of the
plasma, the Jouguet point, for the conditions of our experiment, it was possible to calculate the
following plasma parameters: electron temperature T, = 80 eV, Zn.x = 9, 10n concentration N = 1.2 -
10" ¢m™, ion velocity v = 5.1 - 10° m/s. From a comparison of the experimentally obtained at a
distance from the target and the calculated zav, it can be seen that during expansion into vacuum the
MLI undergoes recombination losses; in the presence of an obstacle, these losses are less than in its
absence[19-25].

Recombination losses also affected the dynamics of the formation of energy spectra. With a free
expansion into a vacuum of an ISM, the maximum ion energy is En.x < 3 keV; for the case with an
obstacle, it increased to about 5 keV. Judging from the energy spectra, in the presence of an obstacle,
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the electron temperature was significantly higher.

The study of the dependence of the number of ions of a certain multiplicity NZ on the multiplicity of
the ion z has shown that in the case of an obstacle, the number of ions of each charge is greater than
without it. In this case, each curve can be approximated by the dependences Nz = kz ' and Nz =kz~
13 respectively.

Thus, the presence of an obstacle on the path of plasma expansion into vacuum leads to an increase
in the ion charge multiplicity, an expansion of the energy spectrum, and an increase in the total
number of ions.

The features of the interaction of an expanding laser plasma with a solid-state obstacle are in many
respects shining with the appearance of a shock wave in it, which affects the course of recombination
processes [4, 5]. It is known that a supersonic flow arises at the stage of inertial expansion of a laser
plasma. It is known that a supersonic flow arises at the stage of inertial expansion of a laser plasma.
The estimation of the parameters of the expanding aluminum plasma under the conditions of this
experiment corresponds to the Mach number M = 3.2-4.6, and the collision of the plasma with an
obstacle leads to the appearance of a strong shock wave. The supersonic flow approaching the
obstacle can be considered quasi-stationary; therefore, the shock wave front will be almost stationary
and a standing wave is formed.

The features of the structure of the shock front in plasma are associated with the slowed-down nature
of the energy exchange between ions and electrons. At the same time, electrons have high mobility,
due to which the electronic thermal conductivity is many times higher than the thermal conductivity
of ions. In the vicinity of the shock front, an increase in the electron and ion temperatures occurs, and
in the shock wave, the electron temperature does not have a discontinuity, in contrast to the ion
temperature. Electronic thermal conductivity promotes the transfer of heat from dense plasma layers
farther from the shock to the front ones, where the electron temperature is lower. The electron
temperature rises before the jump and a heating layer is formed. In this layer, the electron
temperature is higher than the ionic one.

Changes in the electron temperature and electron density of the plasma in the shock wave affect the
course of recombination processes occurring in plasma regions that have not yet experienced shock
compression. Heat-conducting heating extends to areas close to the target. The recombination
process of any type is very sensitive to temperature; the recombination rate decreases with increasing
temperature.

We explain the observed increase in the maximum charge of the plasma relative to its free expansion
by a significant decrease in the rate of triple recombination due to an increase in the temperature of
electrons in the shock wave. It is also necessary to take into account the heat-conducting heating of
electrons, which prevents the recombination of especially highly charged ions during inertial
expansion.

Conclusion. The experiments performed indicate the possibility of controlling the parameters of the
recombining laser plasma by changing the expansion dynamics at later stages using solid-state
obstacles.
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