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The formation, propagation and stability of plasma jets are fundamental issues in the astro-
physical context and for the Inertial Confinement Fusion. Previous experiments demonstrated a
possibility of jet creation by using specially designed conically shaped targets and high energy
lasers such as NOVA, GEKKO-XII and NEL [1]. We are reporting here on the jet generation in
a more simple geometry by using a large focus laser-plasma interaction at the Prague Asterix
iodine Laser System (PALS) [2]. Pulses of 0.4 ns duration at a 100 — 200 J level at the first and
third harmonics (1.35 and 0.44 um) were focused on massive planar metallic targets at the spot
radius varying from 35 to 500 um (the focal point was located inside the target). We investigated
an influence of the focusing conditions, laser wavelength, and the target atomic number on the
plasma jet formation. The information about geometry of plasma expansion, plasma dynamics
and electron density distributions were obtained by means of a three-frame laser interferomet-
ric system [3]. The temporal resolution of the interferometer, 0.3 ns, was determined by the
diagnostic pulse duration. The spatial resolution of 20 um was deduced from the target edge
washers. The delay between subsequent frames was set to 3 ns.

A typical sequence of electron density distributions is presented in Fig. 1. For all three mate-
rials, aluminium, copper and silver, a plasma jet is present and it remains visible during a long
time. Distinctly, the jet becomes narrower as the atomic number increases. This observation
indicates an important role of radiative processes. The last sequence shows the effect of a laser
focal spot radius and a laser wavelength. A transition to shorter wavelength and larger spot ra-
dius improves the jet. For small radii, but keeping the laser energy constant, the ablated plasma
ejection is quasi-isotropic, whereas, as the spot radius increases, the plasma extends along the
laser axis. The optimum conditions for the PALS laser system correspond to the spot radius
of 300 um. Considering the contour line corresponding to the electron density of 10'® cm™3,
we estimate the jet length of 2 mm, the jet diameter of 0.4 mm for heavy target materials, the

maximum axial jet velocity of 700 km/s, and the jet life time more than 17 ns.
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The simulations of the plasma
dynamics were performed with the
laser-plasma interaction hydrody-
namic code FCI2 [4]. It has been
compared with other similar codes
as LASNEX and it successfully re-
produced previous experiments [5]
with similar irradiation conditions.
The code includes two-dimensional
hydrodynamics, ion and classical or
nonlocal electron conduction, ther-
mal coupling and detailed radia-
tion transport. Ionization, equations
of state and opacity data are tab-
ulated, assuming a local thermody-
namic equilibrium (LTE) or a non-
LTE depending on the plasma pa-
rameters. The laser propagation, re-
fraction and collisional absorption
are treated by a ray tracing algo-

rithm. A resistive MHD package ac-
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Figure 1: Experimental sequence of the electron density iso-
lines at 2, 5, 8 ns for Ry = 300 um, E; = 100 J and the wave-
length of 0.438 um for Al (a), Cu (b) and Ag (c) targets; (d)
for Ry = 100 um and Al target

counting for the azimuthal magnetic fields was also included.

In order to identify the physical origin of the jet formation, certain physical effects were

artificially switched on or off. The reference simulation was carried out under the following

conditions: the laser energy 100 J, the pulse duration T = 0.4 ns with the temporal shape I(¢) o<

sin?(¢/). For the spot radius R; = 300 pm, the maximum laser intensity was 8.8 x 103 W/cm?.

The intensity profile on the target has a super-Gaussian distribution, /(r) e exp[—(r/Ry)"]. It

was verified in simulations the effect of jet formation is robust and its shape can be controlled

by changing the power n in the laser intensity distribution.

The laser beam with n = 8 was focused on a massive copper solid target. The flux limiter

for the electron heat conduction was set to equal to 8%, and we performed several runs where

certain physical effects were artificially switched off. Figure 2-a presents iso-densities, at 5 ns,

well after the end of the laser pulse. This simulation without the radiation transport obviously

does not reproduce the experimental result. The plasma flow is too broad. This result has to be
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compared with those shown in Fig. 2-b. In this simulation, the radiation transport is turned on.
The results are much closer to the experiment. Initially spherical, the plasma plume is elongated
after a few ns. Its radius is two-three times smaller than in the previous case and the height is
about 3 mm is also in agreement with the experiment. Due to the radiative cooling, the plasma
temperature decreases 2.5 times to the value around 50 eV. Comparing both simulations, we can
see that the radiation cooling reduces the pressure by a factor 30. Consequently, the character-
istic expansion velocities are smaller with the radiation transport (545 km/s at the jet tip) than

without (600 km/s), specifically for the radial expansion (180 km/s compared with 270 km/s).

The magnetic field generation and the
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Figure 2: Electron density distributions at t = 5 ns,
for E;, = 100 J, 7, ~400 ps, Ay ~0.438 um and R, =

300 wm. Without the radiation transport (a). with the ra-
diation transport (b), with the magnetic fields (c), with a
smaller laser spot radius (d), with a different energy dis-
tribution the the focal spot (e) and with an aluminium
target (f). The densities are in 10'® cm3.

ergy deposition volume leads to a higher
temperature, a smaller absorption and a
higher plasma pressure. The expansion for
a smaller focal spot size is faster and the
plasma takes a spherical shape (Fig. 2-d). The density falls below the resolution limit of a few
10!7 cm~3 at the distance less than 1 mm.

The laser energy distribution in the focal spot has an impact on the jet formation. For compar-
ison, we present in Fig. 2-e, the density profile obtained using a gaussian shape, n = 2. The jet
still appears, but an energy distribution change modifies the form of the jet. In order to test the

target atomic number dependance, we replaced copper by aluminium in the simulation. As ex-

pected, one can see in Fig. 2-f that the jet becomes wider and more isotropic which is consistent
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with a less efficient radiation cooling.

The computational results can be confirmed from a dimensional analysis. The characteristic
hydrodynamic time depends on the focal spot radius Rz, and on the ion acoustic velocity c;: t;, =
Rp/cs =0.1R.(A/Z)"/2T~1/2 ns, where A and Z are the atomic mass in units of proton mass
and the ion charge, Ry is in gm and 7 in eV. The radiative cooling time is the ratio of the plasma
thermal energy and radiated power. For simplicity here we neglect the line emission and account
only for the bremsstrahlung emission [6]: P, = 1.7 X 10_322n3T1/ 2w / cm3, where the electron
plasma density is in cm 3. It has to be chosen in the region of maximum radiation losses, that s,
between the critical density and the ablation front. The plasma energy density is defined as E, =
1.5n,T =2.4x 10798, T J/cm3. Consequently, the radiation cooling time reads: t, = E v/ Por =
1.4 x 1022T71/2 /Zne ns. Then, for the typical parameters of this experiment: Ry, = 300 pm,
A=63,Z=15,T =100¢eV, and n, = 10%2 cm—3, we find the hydrodynamic time ~ 6 ns and
the radiation time ~ 0.9 ns. The radiative cooling makes an important effect in agreement with
the observations and the simulations. In the contrary, for the tighter focusing Ry, = 100 pm, the
temperature is higher T ~ 300 eV (Z = 20) and consequently the hydrodynamic time is shorter
~ 1 ns, while the radiation time becomes longer ~ 1.2 ns. In that case the radiative losses are
less important and the plasma expansion is more symmetric.

In conclusion, we have studied the formation of a plasma jet using a single laser beam and a
simple planar massive target. The experiment and the simulations indicate that this jet may be
launched using a relatively low laser energy. Under these conditions, the dissipative processes
can be neglected and the laser produced jet can be scaled to astrophysical conditions. Moreover,
such a jet is rather flexible and could be used for modeling of interaction between the astrophys-
ical jet and the ambient clouds. For that, one place in front of the jet, a solid foil, a foam or a
gas jet, by changing the angle of the laser beam incidence by a few tens of degrees. In addition,
by modifying the pulse duration and intensity, one can modify the velocity and the density of
the jet. Always using a single laser beam, one could build a series of pulses with an increasing
intensity. Each pulse induces a jet faster than the previous one. A correct timing of such a pulse

sequence should create a series of plasma jets interacting one with another.
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