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Abstract. Plasma imaging diagnostics are essential tools for gaining insight into
the laser-driven plasma dynamics in experiments with high-power lasers. This study
details the design and implementation of an imaging system based on shadowgraphy
measurements, integrated with wavefront sensor measurements, during the experiments
conducted in the commissioning phase of the Extreme Light Infrastructure — Nuclear
Physics (ELI-NP) facility. The shadowgraphy system was employed to capture detailed
images of the plasma plume generated by the 1 PW laser pulses directed at both solid
and gaseous targets. The wavefront sensor measurements reveal the phase shift of the
wavefront of the probe beam as it traverses the plasma channel formed by the laser
beam focused into a gas cell. Our findings highlight the importance of these imaging
diagnostic techniques in evaluating the complex dynamics of laser-plasma interaction
for the advancement of laser-driven particle acceleration.
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1. INTRODUCTION

Advancements in ultra-short, high-power laser experiments are unlocking new
opportunities for particle acceleration and radiation generation, paving the way for
the rapidly evolving field of nuclear photonics [1, 2, 3, 4]. The increasing complexity
of experiments with multi-PW lasers underlines the growing need for accurate
plasma diagnostics [5, 6]. The region where the high-intensity laser interacts with
the target serves as the primary source of the physical phenomena under
investigation, whether a solid foil is used for ion acceleration or a gas jet for electron
acceleration. Laser-plasma interactions need to be investigated with dedicated
diagnostics, some of them being able to resolve very fast phenomena with duration
of a few picoseconds or less.
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Imaging of the plasma produced by ultrashort, high peak-power laser pulses
focused into either a gas or onto a solid target serves as an essential diagnostic
technique in experiments. Particularly, the shadowgraphy approach is a robust and
straightforward imaging diagnostic technique that uses a probe beam extracted from
the main laser beam using a pick-off mirror to illuminate the plasma channel formed
by a high-intensity laser pulse inside a gas jet or cell [7]. llluminating the gas cell
from the side produces a shadow image of the interaction, which is then recorded by
a CCD camera. This technique can be enhanced by employing a wavefront sensor
camera equipped with a specialized CCD to measure the phase gradient of the beam
in the recorded image, allowing for the calculation of the density of the gas or of the
plasma when the laser ionizes the gas [8]. During thin foil irradiation experiments,
the probe beam captures the shadow of the rapidly expanding plasma plume created
by the focused laser as it is ionizing the solid target [5-11].

2. EXPERIMENTAL SET-UP

Accurate alignment of the pulsed main beam with the probe beam is essential
for the imaging process, requiring precise spatial and temporal synchronisation
between the two beams. In the experimental configuration at the 1 PW laser facility
of ELI-NP [10], the probe beam was reflected by a 1-inch dielectric elliptical pick-
off mirror positioned at the periphery of the main beam cross-section. The main
beam, delivered by a Ti:sapphire laser, had a diameter of approximately 200 mm,
a peak power of up to 1 PW, a duration from 25 to 30 fs, and a central wavelength
of 800 nm [12]. At the pick-off mirror location, the energy of the 25 mm diameter
probe beam can be approximated by the following formula when considering a
flat-top laser beam profile:

Sprobe)

Smain

Eprobe = Enain ( 1)
where E,pope = 1.56 X 1072 Eppgin, and Sprope and Syqim are the areas of the
cross-sections of the probe and main laser beams, respectively. As an example,
for Eqin = 20] the probe pulse energy is Ejope = 300 m]. This is particularly
important for knowing the fluence of the probe beam which needs to be correlated
with the damage threshold of the optics inserted in the path of the beam. For a
femtosecond-optimized silver-coated mirror typically used in the setup, the
damage threshold is about 380-390 mJ/cm? for single-shot pulses with duration
ranging from 40 to 52 fs [13, 14]. In our case, the fluence was below this level at
about 60 mJ/cm?,

The pulsed probe beam, having the same duration as the main laser pulse,
is time-delayed by reflections on the multiple mirrors of a delay line provided
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with a motorized stage with 2 pm displacement step corresponding to 6.6 fs step
delay. The travel range is 20 cm providing flexibility for adjusting the optical
path length, enabling imaging of the interaction across various timescales. This
includes capturing events a few picoseconds prior to the main pulse's interaction
with the gas target, as well as, subsequent plasma evolution. Figure 1 illustrates
the imaging systems employed in the current setup.
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Fig. 1 — A) Sketch of the simplified imaging system for a gas jet experiment for electron acceleration,
which incorporates the delay line, a CCD camera for shadowgraphy, and the wavefront sensor SID4
(M1 — M13 — Reflecting mirrors, L1,L.2 — Lenses for imaging the interaction, BS1 — Beam splitter,
F1,F2 — Filters for the camera). B) Sketch of the imaging system for a solid target experiment
for protons acceleration that incorporates the delay line and the shadowgraphy system
(OAP — Off-Axis Parabolic Mirror, for focusing the main beam in the target,

M1 — M10 — Reflecting mirrors, L1-L3 — Lenses for imaging the interaction,

FL — Filter for the camera).

Figure 1A illustrates the imaging diagnostic system which incorporates the
delay line, the SID4 camera and a wavefront sensor designed to perform Quadri-
Wave Lateral Shearing Interferometry (QWLSI) for generating phase maps of
plasma images. This interferometric method measures the phase gradient along one
direction by exploiting the interference of two identical, but tilted wavefronts derived
from the same incident wavefront. The approach was extended to multi-wave
interferometry [9], enabling the measurement of multiple gradients to reconstruct the
complete 2D phase field. In QWLSI, four replicas of the wavefront are produced
using a specialized two-dimensional diffraction grating integrated in front of the
camera sensor [14]. By integrating the phase gradients along two perpendicular axes,
both the intensity and phase of the wavefront are determined [15]. The measured
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phase drift in the image of the interference pattern is proportional to the plasma
electron density and indicates the difference between the refractive index of the
plasma and the refractive index of the vacuum. Assuming d is the distance in the
plasma through which the laser pulse is propagating along the Z-axis, the resulting
phase shift of the pulse wavefront can be expressed as follows:

d d
0=k dz= [y ~2% dz @)

where k,, represents wavefront vector of the laser beam, N(z) represents the local
refractive index of the plasma, w represents the laser frequency, and c is the
speed of light. A reference phase image is first recorded by directing the laser
pulse through a vacuum without the gas target. Then, a second laser pulse is
transmitted through the ionized gas target. The phase differences between the
two laser pulses are described by equation (3), where Ny = 1 is the index of
refraction for vacuum:

A = [Ny — N(2)) w/c - dz (3)
Considering the plasma electron density, the critical plasma density
. w2
ner = == and the plasma frequency wj = (nee?)/(m, - &), the laser

frequency is given by w? = (n.e?)/(m, - &). The refractive index N(z) is linked
to the density of the plasma: N2 = 1 — n,/n,,. For the electron density of plasma
much smaller than the critical density, one can approximate N =~ 1 —n,/(2n,)
such that the phase difference is given by:

dne(z) w wd T md T,
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In the above equation 7, = fod n.(z)dz /d is the average plasma density

along the probed plasma column of thickness d. Equation (4) allows the average
density to be estimated along a direction parallel to the probe axis. The SID4
wavefront sensor system integrates a standard camera and a two-dimensional
diffraction grating that produces on the camera's sensor an interferogram. From this
interferogram, both the profile and the intensity and wavefront profile W (x, y) of the
light beam are determined. When the beam traverses the plasma, the sensor captures
a phase shift map A@(x, y) in the image plane. To retrieve the plasma density and
the refractive index, an algorithm employing the inverse Abel transform can be
applied if the geometry has a cylindrical symmetry [16].
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3. RESULTS

Plasma imaging diagnostics were employed during the experimental campaign
for electron acceleration in the interaction chamber C1 of the 1 PW, E5 experimental
area. The laser ionized the gas, forming a plasma channel, and the plasma density
was estimated from an image recorded by the SID4 Phasics wavefront sensor
camera. In this plasma channel image, a Region of Interest (ROI) was selected
using the software package provided by Phasics. Figure 2 shows a map of the density
of plasma in 2D, plotted against both the axial (along the laser) and transverse
directions relative to the plasma channel. The obtained values for the electron
densities were n, ~2 — 4 x 10 cm™3, in line with measurements reported
elsewhere [7].
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Fig. 2 — A) Shadowgraphy images with a selection of the ROI used for the plasma channel;
B) Electron density map in 2D in the viewing plane (x,y) with Ox being the axial
direction along the laser and Oy the transverse direction.

Figure 3 shows the shadowgraphy image taken with the EDGE 5.5 MP
PCO camera, both before and after the interaction of the main laser pulse with
the gas target. A 1 cm long 3D printed gas cell was used for this setup. One can
clearly see the plasma channel which has a width of = 200—300 um and a length
of 1 cm.
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Imm

Fig. 3 — Shadowgraphy from the side view photos of the cell filled with Ar gas during interaction with
the laser: A) Image of the gas cell before the laser-gas interaction; B) Image of the plasma channel
(~ 200-300 pum diameter, 10 mm length) created during the laser-gas interaction.

The case of a solid target interacting with the laser is presented in Figure 4
which displays pictures of a thin foil positioned at the laser pulse focus, captured
both 20 ps before the interaction of the 1 PW pulse with the target and 200 ps
afterward. These measurements were performed during the experimental campaign
at ELI-NP for proton acceleration, which took place in the C3 interaction chamber
of the E5 experimental area. The target consisted of a 20 um thick Aluminum foil
and was mounted on a specially designed holder, which allowed the visualization
of the target expansion during irradiation. The plasma plume expansion induced
by the main laser beam is clearly visible in the image taken 200 ps post-interaction
in Fig. 4B where the direction of the laser is indicated by the apex of the cone. We
observed the formation of two plasma plumes, one facing the laser beam and the
other one at the target's rear side. The opaque feature of the plasma is directly
related to its density value, which appears to be larger or close to the critical level
n. = 1.7 x 1021cm~2 above which the 800 nm laser light is absorbed. Acceleration
of particles takes place on both sides of the target foil. The electrons from the
ionized target front surface are driven by the laser pulse to the rear target surface
where create a space charge with an intense electric field of the order of MV/um
near the surface. The protons and ions are accelerated to high energies by this field
in the target normal direction, as described by the TNSA (Target Normal Sheath
Acceleration) mechanism [17]. The energy spectra of proton and ions are related
to the features of the plasma formed by the target ionization and depend on several
factors as for instance target thickness, density, surface structure, material, etc.
[18]. Also, the energy of accelerated particles, Ep, scales as Ep~IL1/2, where I} is

the laser peak intensity in the focal spot.
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Fig. 4 — Shadowgraphy from the side of the Aluminium thin foil target at different moments:
A) 20 ps prior to interacting with the main laser pulse (i.e., —20 ps);
B) after the interaction with the main laser pulse at +200 ps.

4. CONCLUSIONS

The techniques of Shadowgraphy and Interferometry in Quadruple Wavefront
Lateral Shearing were used during the commissioning experiments of the 1 PW
laser beam with solid and gas targets, in the E5 experimental area. These imaging
diagnostics were applied to optimize the configuration of both solid and gas
targets, as well as to fine-tune the focus spot position and other parameters of the
1 PW laser beam. The commissioning experiments focused on the acceleration of
protons to tens of MeV energy from solid targets in the C3 interaction chamber
and on the acceleration of electrons to over 1 GeV with gas targets in the C1
interaction chamber. Together, the two experimental methods provide complementary
imaging and diagnostic information for laser-plasma interaction at ultrafast time
scales.
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