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Abstract: Nowadays, plasma wakefield acceleration is the most promising acceleration technique
for compact and cheap accelerators, needed in several fields, e.g., novel compact light sources for
industrial and medical applications. Indeed, the high electric field available in plasma structures
(>100 GV/m) allows for accelerating electrons at the GeV energy scale in a few centimeters.
Nevertheless, this approach still suffers from shot-to-shot instabilities, mostly related to experimental
parameter fluctuations, e.g., laser intensity and plasma density. Therefore, single shot diagnostics are
crucial in order to properly understand the acceleration mechanism. In this regard, at the SPARC_LAB
Test Facility, we have developed two diagnostic tools to investigate properties of electrons coming
from high intensity laser–matter interaction: one relying on Electro Optical Sampling (EOS) for the
measurement of the temporal profile of the electric field carried by fast electrons generated by a
high intensity laser hitting a solid target, the other one based on Optical Transition Radiation (OTR)
for single shot measurements of the transverse emittance. In this work, the basic principles of both
diagnostics will be presented as well as the experimental results achieved by means of the SPARC
high brightness photo-injector and the high power laser FLAME.

Keywords: high power laser; single shot diagnostics; electron diagnostics; plasma wakefield acceleration

1. Introduction

During the last ten years, huge improvements have been achieved in laser technology, allowing
high power systems able to study the interaction between high intensity electromagnetic pulses and
matter in a completely new physical regime. Indeed, the possibility to reach power densities larger
than 1019 W/cm2 at the femtosecond level has been exploited in many fields of research: astrophysics
in the laboratory [1], high energy density experiments [2], electromagnetic wave sources [3–5] and
novel schemes for particle acceleration [6]. The dream of a table-top accelerator, both for e− and p+,
has attracted many people working in the plasma field, but, even though compact accelerating systems
have been already demonstrated [7–10], the produced charged particle beams are still affected by
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shot-by-shot instabilities. Moreover, the physical mechanism is not clear yet, especially concerning the
interaction with solid targets for ion acceleration. Therefore, single-shot diagnostics play an important
role in order to achieve a better control in laser-plasma experiments.

At the SPARC_LAB Test Facility [11], we have developed two diagnostic tools to investigate the
properties of electrons produced by high intensity laser–matter interaction: one relying on Electro
Optical Sampling (EOS) has been employed to probe the interaction between the high intensity laser
FLAME and a solid target. The EO effect has been used as a bunch length diagnostic for electron
beams from laser wakefield acceleration [12,13], but it has been never employed to probe laser–solid
target interactions. In particular, a large number of electrons are released from the opposite surface
with respect to the laser–target interaction. Those electrons, called fast electrons, are responsible for
exit surface ionization and ion/proton acceleration and they have been studied in the past with
different approaches [14–19]. With this technique, we succeed with measuring for the first time the
temporal profile of the electric field carried by fast electrons generated during the interaction with an
unprecedented resolution below 100 fs [20,21]. Furthermore, we have investigated the role of the target
shape in the fast electron emission in order to optimize the ion and proton acceleration process. In
particular, we found out that structured targets allow for getting a boost in the accelerating field [22,23].
The second diagnostic tool we have developed is based on Optical Transition Radiation (OTR) for the
single-shot measurement of transverse emittance. Indeed, the OTR angular distribution sensitive to
the beam angular divergence [21,23,24], it is possible to evaluate the correlation term being between
position and angle by means of a microlens array, therefore allowing for the full retrieval of the e−

beam transverse emittance. This technique is very promising for future applications in laser wakefield
accelerators, allowing for properly tuning the experimental parameters by measuring shot-by-shot the
quality of the accelerated beam.

We present in this work an overview of the developed diagnostics, together with experimental
results. Particular emphasis is given to the first temporal snapshot of the electric field carried by fast
electrons escaping from the interaction between ultra intense laser and solid target. Preliminary tests
of the single shot emittance measurements done at the SPARC_LAB photo-injector are also presented
and discussed.

2. EOS Diagnostics for fs Resolution Probing High Intensity Laser–Solid Target Interaction

During the past decade, the interaction of high-intensity lasers with matter has attracted a lot of
attention since it allows the production of charged particles and electromagnetic radiation over a large
spectrum. In particular, ion acceleration from thin foils irradiated by high-intensity short-pulse lasers
is one of the most interesting aspects in this research field since it produces a large number of particles
with energies in the multi-MeV range [25–27]. Following theoretical models [28–30], the process starts
when some electrons, directly accelerated by the laser, pass through the target. The majority of them
spread out and dissipate energy, while only the fastest component can reach the target rear side [31].
Afterwards, the most energetic electrons escape, leaving an electrostatic potential on target, due to the
unbalanced positive charge left on it [32]. Such potential generates an electric field that ionizes and
accelerates surface ions in a process called Target Normal Sheath Acceleration (TNSA) [29].

Thus far, only indirect evidence of the escaping electrons has been detected by measuring the
radiated electromagnetic pulses [33,34] and magnetic fields [35]. On the other hand, some electron
properties, e.g., charge, angular distribution and energy, have been directly measured [36–39]. Here, we
show direct and temporally resolved measurements of the electric field carried by fast electrons.
We have used a diagnostics based on Electro-Optical Sampling (EOS) [40], widely exploited in
conventional accelerators [41,42], with sub-picosecond resolution. Moreover, the role of the target
shape in the fast electron emission has been studied, comparing planar, wedge and tip target geometries
hit by a high intensity laser.
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2.1. Experimental Setup

The experiment has been performed with the FLAME laser at the SPARC_LAB test-facility [11]
using the setup in Figure 1. FLAME consists of a 130 TW Ti:Sapphire laser system delivering 35 fs
(FWHM), up to 4 J pulses on target at 800 nm central wavelength and at a 10 Hz repetition rate. The laser
beam was focused by a f /10 off-axis parabolic mirror with focal length f = 1 m. The 1/e2 diameter
of the laser spot on target was approximately 60 µm, corresponding to a peak intensity of about
1019 W·cm−2. Exploiting such an intense laser pulse, fast electrons are produced by irradiating the tip
(about 10 µm thick) of a stainless steel wedged target (see Figure 2a).

Main laser

Probe laser

Target

H polarizer

CCD

electrons

V polarizerEOS crystal

Imaging lens

Delay line

Figure 1. Setup of the experiment. The FLAME laser is focused onto a metallic target. The EOS
diagnostics, based on a ZnTe crystal placed 1 mm downstream from the target, allows for measuring
the temporal profile of the emitted electron bunch by means of an ancillary laser beam (probe), directly
split from the main laser, probing the local birefringence induced by the electric field [20].

The probe laser employed to detect the EO signal (35 fs pulse duration) is directly split from the
FLAME laser, ensuring a jitter-free synchronization. The synchronization of the main and probe lasers
in coincidence at the EOS crystal is obtained by means of an α-cut beta barium borate (BBO) crystal
installed on the ZnTe holder. The time overlap, i.e., our reference time, is then retrieved by measuring
the light from the sum frequency generation (SFG). For this purpose, a 3 fs resolution delay-line has
been installed on the probe line. Once the reference time is determined, the delay-line is moved in
order to synchronize the probe with the emitted electrons and produce a detectable EOS signal.

The EOS diagnostics installed for this experiment relies on a 500 µm-thick ZnTe crystal and
employs the spatial decoding technique [43], with the probe laser entering into the crystal at an
incidence angle θi ≈ 28◦. In this way, the temporal charge profile of the emitted electrons is spatially
imprinted along the transverse profile of the probe laser (see Figure 2b). With dL ≈ 6 mm (FWHM)
being its transverse spot size, the active time window provided by the EOS is ∆t = (dL/c) · sin θi ≈ 10
ps, where c is the vacuum speed of light, with a resolution of about 100 fs.

By measuring the relative delay with respect to the reference time, it is possible to estimate the
energy of the emitted electrons [20]. Indeed, the EOS being a single-shot device, it can be used as a
time of arrival monitor allowing for measuring its time of flight [42,43]. Therefore, this method is able
to provide energy measurements resolved in time (see Figure 3). With ∆tTOF being the particle time of
flight, we can estimate the bunch velocity as v = d/∆tTOF and its energy as E = γmec2, where γ =

(1− (v/c)2)−0.5 is the relativistic Lorentz factor and me is the electron rest mass. Unlike conventional
time-integrated spectrometric techniques, this method is able to provide energy measurements resolved
in time. Moreover, the electric field generated by the bunch, inducing the electro-optic effect, is
proportional to the overall charge contained in the bunch. Therefore, the fast electron charge can be
estimated from the signal intensity.
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Figure 2. (Top) The emitted bunch travels normally to the crystal surface and moves below it while
the probe laser crosses the crystal with a non-zero incidence angle; (Bottom) Spatial encoding process:
(a) the bunch Coulomb field makes the crystal birefringent; (b) while the electric field penetrates into
the crystal, the local birefringence shifts downwards; (c) the probe laser crosses the crystal and its
polarization is rotated: the resulting signal comes from the blue region, i.e., where the local birefringence
and the probe laser temporally overlapped [20].
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Figure 3. Diagnostics calibration for time of flight measurements. Each point corresponds to one delay
line step (3 fs). The inset shows a magnification of the first part (higher energies) [20].

2.2. Experimental Results

Figure 4a reports a typical EOS measurement. The resulting shape is as the one expected in
Figure 2b. In order to evaluate the experimental results, we developed a numerical simulation
tool [20]. By delaying the probe laser, the position of the EOS signal changes accordingly: the
signals shift down because, in the meantime, the induced local birefringence moves far from
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the path of the travelling electrons (cf. Figure 2b). This is shown in Figure 4c and confirmed
by the simulation in Figure 4f. By anticipating the probe laser, the behaviour is the opposite
(cf. Figure 4b,e). Moreover, due to our set-up geometry (electrons are moving below the crystal
and normally to it while the probe laser propagates laterally from right to left), the local birefringence,
induced by the electron bunch’s electric field, and the probe laser temporally overlap along the dashed
blue region. As a consequence, the EOS signals imaged on the CCD exhibit a curved shape, as
predicted in Figure 2b. The mean velocity (and thus the energy) of the moving electrons is evaluated by
measuring the delay of the EOS signal centroid with respect to the reference time, as shown in Figure
3. A good agreement between measurements and simulations is obtained by assuming an electron
bunch with 2.1 nC charge, 14 MeV energy and about 500 fs duration. The shot-to-shot reproducibility
is proved by considering that the structure of the EOS signals in Figure 4a–c remains unaltered while
the probe delay is changed. The lack of uniformity in the experimental signals, if compared with
the simulated ones, is mainly due to inhomogeneities both on the ZnTe crystal surface and on the
transverse profile of the probe laser.
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Figure 4. (a–c) experimental EOS data obtained by changing the probe laser delay (∆t) with respect
to the main laser. For a delay (advance) of the probe laser, the resulting signals shift down (up);
(d–f) simulated EOS signals. The time direction is indicated by the white arrows in (d). The lack of
uniformity in the experimental signals is mainly due to inhomogeneities both on the ZnTe crystal
surface and on the transverse profile of the probe laser [20].

According to the simulated EOS signals, once the mean energy of the travelling bunch is
determined, the width of the signal itself is proportional to the bunch duration. Therefore, the
charge temporal profile can be obtained by performing a line-out along the time direction depicted in
Figure 4a. The result, shown in Figure 5, has been calculated by averaging a series of line-outs along
the curved shape of the signal, allowing the retrieval of the peak current, ∼2 kA, carried by the fast
electrons. Due to the spatial encoding setup, the time axis is retrieved by calibrating the CCD pixels as
∆tpixel = (∆xpixel/c) · sin θi ≈ 15 fs, where ∆xpixel is the pixel (physical) size.
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Figure 5. Single-shot temporal profile of the snapshot reported in Figure 4a. The profile is obtained by
averaging a series of line-outs performed along the time direction (white arrows), compared with the
corresponding profile provided by the numerical simulation of Figure 4d (red dashed line). The error
bars are calculated as the standard deviation of line-outs’ average [20].

Once the diagnostic has been calibrated, we studied the influence of target geometry on fast
electron properties. In the case of a planar foil target, the resulting snapshot in Figure 6a,d shows the
presence of a first emitted bunch with approximately 1.2 nC charge and 7 MeV energy followed by a
second broadened structure carrying a larger number of particles (about 3 nC). For the wedged target,
the snapshot in Figure 6b,e shows a similar structure: the first bunch now carries a larger amount of
electrons (2 nC) at the same energy while the charge in the second bunch is strongly reduced to 0.3 nC.
Electron bunches coming from the tip target are shown in Figure 6c,f. In this case, the interaction
with the laser produced a much larger number of electrons (about 7 nC) at higher energies (about
12 MeV). These results provide a direct evidence of charge and energy boost when using sharp tips.
Therefore, thanks to the sub-picosecond resolution available with such a diagnostic, a consequent field
enhancement for ion and proton acceleration has been measured. The laser pulse field is enhanced
close to the tip, being able to extract more electrons from it, if compared to conventional planar targets.

Figure 6. Cont.
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Figure 6. Snapshots with different target shapes. Snapshots of the escaping electrons from (a) planar;
(b) wedged and (c) tipped targets. The emitted charges are: (a) 1.2 nC (B1) and 3 nC (B2); (b) 2 nC
(B1) and 0.3 nC (B2); (c) 7 nC (B1) and 3 nC (B2); (d–f) corresponding longitudinal charge profiles.
The Gaussian envelopes represent the extrapolated charge profiles of each bunch [22].

3. Correlation Term Reconstruction for Single-Shot Emittance Measurements through
Incoherent OTR

Plasma-based accelerators have been strongly studied in the last ten years due to the large accelerating
gradient achievable in mm-scale plasma structures. Even though plasma-based acceleration has been
widely demonstrated [7–10], the accelerated e− beams are still characterized by a large energy spread,
around 10%, and shot-to-shot instabilities. These issues prevent the use of conventional, multi-shot
diagnostics for the emittance measurements, such as the quadrupole scan technique [44,45].

Optical Transition Radiation (OTR) is emitted when a charged particle crosses the boundary
between two media with different refractive indices [46]. This radiation is usually used in accelerator
facilities to measure the beam transverse size and divergence [47–50]. Indeed, in the ultra-relativistic
approximation and in the far field, the intensity of the angular distribution for a single particle is given
by the Ginzburg-Frank formula [46]:

I ∝
θ2(

1
γ2 + θ2

)2 , (1)

where γ is the relativistic Lorentz factor and θ is the observation angle with respect to the propagation
direction. To take into account a finite beam divergence, we consider the convolution of Equation (1)
with a Gaussian distribution in angles described by the rms beam divergence σ′, resulting in [51]

I ∝
1√

2πσ′2

∫ +∞

−∞

(θ − ξ)2[
1

γ2 + (θ − ξ)2
]2 e−

ξ2

2σ′2 dξ =

√
πµ

ν
Re
[
Φ(z)

(1
2
+ µνz

)]
− µ2, (2)

where ν = 1/γ, z = µ(ν + iθ), µ = 1/
√

2πσ′, Φ(z) = (1− er f (z))/e−z2
and er f (z) is the complex error

function. It is clear from Equation (2) that a finite beam divergence affects mainly the OTR angular
distribution central minimum, as shown in Figure 7 for an electron beam with γ = 250 and σ′ = 1 mrad.
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Figure 7. OTR angular distribution line profile with (blue) and without (green) angular divergence for
a 125 MeV electron beam and σ′ = 1 mrad. The effect of a finite beam divergence is the increasing of
the central minimum [24].

Measuring at the same time the beam transverse spot size and the angular divergence, it is possible
to quantify the emittance in a beam waist, where the correlation term between angle and position is
zero [52]. Nevertheless, in order to measure the correlated emittance, it is necessary to reconstruct the
correlation term as well. Our idea relies on using a microlens array to retrieve the correlation term.
Indeed, it allows for correlating the beam divergence with the spatial position, by looking at the OTR
angular distribution generated in the focal plane of each microlens, placed in different spatial positions.
In this scheme, the resolution is related to the visibility of the central minimum with respect to the
peak value of the angular distribution intensity, defined as V = (IMAX − IMIN)/(IMAX + IMIN). In
detail, considering as a minimum threshold for the measurement the 10% visibility, it is possible to
retrieve the minimum angular divergence detectable as a function of the beam energy (Figure 8).

Figure 8. Resolution limit for the beam divergence with respect to the beam energy [24].

Experimental Setup

Figure 9 shows the layout of our experimental setup for single-shot emittance diagnostics.
The OTR emitted by electrons hitting a silicon aluminated screen is split into two arms: the reflected
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radiation from the beam splitter is used for transverse spot size measurement by means of a high
quantum efficiency Hamamatsu Orca II camera (Hamamatsu City, Japan), equipped with a Nikon
(Minato City, Japan) f = 180 mm focal length F/2.8; the transmitted part passes through a 400 mm
focal length achromatic doublet. This lens makes a 1:1 replica of OTR source in its image plane, where
the microlens array (10 mm × 10 mm, 300 µm pitch, 18.7 mm focal length plano-convex lenses) is
placed. Finally, its focal plane is imaged onto an intensified camera (Hamamatsu Orca IV) by means of
a 50 mm focal length achromatic doublet.

Figure 9. The radiation produced by the electron beam impinging on an aluminium-coated silicon
screen (A) can follow two different paths, thanks to a beam splitter (B). In one arm, the radiation is
collected by a f = 400 mm achromatic doublet (C) whose image plane hosts a microlens array (D),
10 mm × 10 mm size with 300 µm pitch, 18.7 mm focal length plano-convex lenses. The microlens
focal plane is imaged onto an intensified CCD camera (F) by means of a 50 mm focal length achromatic
doublet (E). The second arm of the setup is used to image the radiation produced on the metallic screen
in order to measure the transverse beam profile on a high quantum efficiency CCD camera (G).

The whole setup has been simulated by means of Zemax 2014 [53], an optical and illumination
design software, to evaluate any possible aberrations affecting the measurement, with particular
attention to the microlens array. For this purpose, the OTR field generated by the single electron [54]
has been used through a custom DLL (dynamic-link library). Then, the single contribution has been
propagated through all the optical system and the final intensities have been summed up, weighted
with a Gaussian distribution to take into account their spatial position. Moreover, the electron beam
divergence has been considered by selecting different starting angle for the propagation, depending
on the spatial position. In Figure 10, a qualitative comparison between simulation and experimental
results is reported. Each illuminated lens produces in its own focal plane the angular distribution
related to a specific portion of the incoming OTR radiation. By analyzing the single contribution, it is
possible to retrieve the value of the angular spread. The qualitative agreement between simulation
and measurement is excellent. We extract from every single contribution the profile and we fit them
in order to measure the central minimum (Figure 11). The experiment has been performed with
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the SPARC_LAB photoinjector [11], using 200 pC bunch charge at 125 MeV. The maximum energy
achievable in this run was limited by the use of only two of the three accelerating sections, resulting in
a poor angular resolution: the minimum detectable angular divergence was equal to 500 µrad (see
Figure 8), while the expected divergence was 250 µrad [24]. Even though we could not measure the
emittance, these preliminary results show that it is possible to produce the OTR angular distribution
from a different part of the beam image. On the other hand, this scheme is very promising for future
applications in both conventional and plasma accelerators.

Figure 10. Comparison between a Zemax simulation (left) and a typical experimental measurement
(right) [24].
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Figure 11. Fit of the experimental data by using the Equation (2). The line profile represents the angular
distribution from one of the microlens [24].

4. Conclusions

We presented the development of two single-shot diagnostics for electron beams like those
generated from ultra intense laser-plasma interactions. One relies on Electro Optical Sampling aiming
to measure the longitudinal profile of electric field carried by fast electrons escaping from a solid
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target hit by a high intensity laser (>1018 W/cm2). The characterization of these electrons can help to
better understand the process of ion acceleration occurring in this kind of interaction. As reported in
Figure 4, the signals have been well reproduced and electron properties, in terms of charge, current
and mean energy, have been retrieved. The main result of this experiment is related to the first
temporally resolved measurement of the charge profile of the fast electrons, shown in Figure 5. For our
experimental parameters, a charge of about 2.1 nC in 500 fs FWHM has been measured. Moreover,
thanks to this diagnostic tool, further studies have been conducted about the possible effects due to
different target geometries. In particular, we have compared the behaviour of planar, wedged and
tip targets. The results, reported in Figure 6, show the tip target emits faster electrons and with more
charge resulting in a stronger electric field. Therefore, it is possible to boost the ion acceleration by
using structured targets exploiting the consequently electric field enhancement.

On the other hand, a new scheme for single shot emittance measurements has been proposed.
It relies on the characterization of Optical Transition Radiation (OTR) emitted by a charged particle
beam when it impinges on a metallic foil, exploiting the effect on the angular distribution due to
the beam divergence (Figure 7). In order to measure the emittance correlation term, the idea we
are studying is to use a microlens array, analyzing the OTR angular distribution coming from each
microlens, placed in a specified position. In this way, by measuring also the transverse spot size (see
Figure 9), an emittance measurement is achievable in one shot. This kind of diagnostic represents a
very useful tool to fully characterize an electron beam from laser wakefield acceleration despite its
typical shot-to-shot instabilities and relative large energy spread. Some preliminary results obtained
with the SPARC_LAB photo-injector have been reported. Even though the emittance measurement
was not possible because of poor angular resolution, these results show the possibility to measure the
OTR angular distribution produced by different parts of the same electron beam. A measurement on a
plasma-accelerated electron beam at the FLAME Facility is still under design, with both self-injection
and external injection [55,56] schemes. The aim of this experiment, besides testing these diagnostics,
is to quantify the emittance growth when the beam leaves the plasma channel by exploiting recent
results with betatron radiation measurements [4].
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