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A plasma shutter is usually a thin solid foil or mem-
brane which is placed in front of the main tar-

Laser beam
get in the laser-target interaction. The laser pulse

Plasma shutter -
with its accompanying prepulses [1] then needs to a very thin
burn through the plasma shutter before the main Si:Na membrane
interaction with the target, as can be seen in the
scheme in Fig. 1. The interaction of the laser pulse
with the plasma shutter then leads to the modifica- Solid foil target
tion of the intensity profile (formation of a steep-
rising front and intensity increase) and mitigation Figure 1: Scheme of the plasma shutter appli-
of its prepulses. The concept was proposed in the- cation in the laser - solid target interaction.
ory and proved in various experiments and simula-
tions [2—6]. The formation of a steep-front laser pulse can be utilized to enable the development
of long-wavelength instabilities induced by the special target geometry (double-layer with cor-
rugated interface) for the generation of collimated high energy ion beams as was demonstrated
in Ref. [7]. Another utilization of the steep-front laser pulse is to enhance photon emission from
under-dense targets as was shown in Ref. [8].

In this work, we focus on the application of local intensity increase of the laser pulse trans-
mitted through the ultra-thin plasma shutter, mainly in the laser-driven heavy ion acceleration.
We demonstrated with the help of fully 3D particle-in-cell (PIC) simulation of PW-class laser
interaction with silicon nitride (Si3N4) plasma shutter, that the intensity can be increased by the
factor of 7, which corresponds to our theoretical estimations [9]. The silver target is then added
into the simulations at the position around the local maxima of the transmitted laser pulse. This
leads to the increase of maximal silver ion energy by 42.2 % compared to the simulation without

the plasma shutter [10]. A scheme utilizing double-shutter configuration (the first one filtering

out the prepulses and the second one shaping the main pulse) is also proposed [10]. The pre-
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pulses are taken into account in the investigation of this scheme via a combination of the PIC

and hydrodynamic simulations done in the codes EPOCH [11] and PALE [12].

The visualization of the 3D PIC simulation with
the plasma shutter and silver target is shown in
Fig. 2. The simulation box contains a fully ion-
ized silicon nitride plasma shutter of electron den-
sity n, = 835 n. and thickness d = 20 nm, a par-
tially ionized silver target of n, = 2100 n, and
d = 20 nm, where the critical density corresponds
to n. =~ 1.115 x 102! cm—3 in our case. The silver
target is not completely ionized, which is in agree-
ment with the experiments of a similar type of laser
with a silver target [13]. For simplicity, the charge
number Z = 40 and mass number A = 108 are used
in our simulations.

The incoming laser pulse is linearly polarized,
has a Gaussian spatial profile with the full width
at half maximum (FWHM) equal to 3 A. The tem-
poral profile has a sin” shape in intensity and beam
duration is 64 fs. The pulse roughly corresponds to
a 30 fslong 1 PW laser pulse with a Gaussian shape.
The radiation wavelength is A = 1 um and the peak
intensity is Ipax = 1 x 1022 W/cm?, thus yield-
ing dimensionless amplitude ay = eEy/m.wc ~

0.854/I1[1018W /cm?2] A2 [um] ~ 85. Here, Ej is the

o

Figure 2: Visualization of our 3D simula-
tion of plasma shutter (purple), main target
(light blue for the foil and black for acceler-
ated particles) and reflected/transmitted laser

pulse (red/blue for +/— electric field).

electric field amplitude, & is permittivity of vacuum,  is laser angular frequency, m, and e are

electron mass and charge, respectively, and c is speed of light in vacuum.

As can be seen in Fig. 2, the laser pulse (red and blue) incoming from above, partially reflects

and partially burns through the plasma shutter (purple), modifying its intensity profile. The

transmitted part of the laser pulse then interacts with the silver target (light blue for the foil

and black for the accelerated particles), gradually making it (relativistically) transparent and

subsequently burning through it. The acceleration is then dominated by a hybrid RPA-TNSA

scheme enhanced by the onset of relativistic induced transparency [14].
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In Fig. 3, the silver ion energy spectra are shown 108 o
——2D W/O-Sh
at the end of the simulation (at time r = 70 T), %10“ o Wan
. . 10° = \_ 1
when the acceleration in both cases already ended. 10" \;_.\

Maximal energy increases from 109 MeV/A to 155
MeV/A (by 42.2 %) when the plasma shutter is in-
cluded in the simulation. The inset in Fig. 3 shows
the corresponding 2D simulations, they are also
compared to the double-shutter scheme. Firstly, the
2D hydrodynamic simulation with a prepulse of in-
tensity 7 = 10'> W /cm? and duration of 125 ps and
plasma shutter was performed. The resulting 2D

density profile of the first (expanded) plasma shut-
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Figure 3: Silver ion energy spectra in the

3D cases without and with the plasma shutter

(corresponding 2D cases in the inset).

ter is then imported into a 2D PIC simulation containing also the second plasma shutter with

the step-like density profile and the silver target. This scheme also results in a significant energy

increase compared to the case without any plasma shutter, as can be seen in the inset of Fig. 3.

Note that the maximal silver ion energy in the case without any shutter may be significantly

lower than in our simulation if the target would be pre-expanded by the same prepulse [3].

In the frame of this research, we obtain huge vol-
umetric data. Therefore, we collaborate with our
VBL team at ELI Beamlines Centre on the visual-
izations. Down-sampled simulation data were con-
verted into .hS5 files and visualized using ParaView
[15], as in Fig. 2. The data have been also presented
in our custom-made web-based interactive 3D ap-
plication [16], as can be seen in Fig. 4. The appli-
cation provides real-time viewing of prepared time
frames with features like rotation and zoom. The
application runs in a regular web browser and also
utilizes a VR (virtual reality) mode via a headset,
which provides a great way for the popularization
of science for the general public. The color maps
can be changed directly in the application. A differ-

ent color map version of Fig. 4 can be found in [10].

Figure 4: Visualization of our 3D results in

the custom-made web-based application. The
application is interactive, enabling rotation,
zoom and other functions via mouse clicking.

Virtual Reality mode can be used via headset.

In conclusion, the application of the silicon nitride membrane as a plasma shutter in inter-
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action with a PW-class laser pulse for ion acceleration was demonstrated. Application of the
plasma shutter resulted in the increase of maximal silver ion energy by 42.2 % compared to the
case without the plasma shutter. The scheme with a double-plasma shutter was proposed, which
also provided a significant increase of maximal silver ion energy.
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