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8University of Rome “Tor Vergata”, Industrial Engineering Department, Via Cracovia 50, 00133 Roma, Italy

(Received 10 January 2020; revised 13 March 2020; accepted 1 April 2020)

Abstract
The interaction of ultra-intense high-power lasers with solid-state targets has been largely studied for the past 20 years
as a future compact proton and ion source. Indeed, the huge potential established on the target surface by the escaping
electrons provides accelerating gradients of TV/m. This process, called target normal sheath acceleration, involves a
large number of phenomena and is very difficult to study because of the picosecond scale dynamics. At the SPARC LAB
Test Facility, the high-power laser FLAME is employed in experiments with solid targets, aiming to study possible
correlations between ballistic fast electrons and accelerated protons. In detail, we have installed in the interaction chamber
two different diagnostics, each one devoted to characterizing one beam. The first relies on electro-optic sampling, and
it has been adopted to completely characterize the ultrafast electron components. On the other hand, a time-of-flight
detector, based on chemical-vapour-deposited diamond, has allowed us to retrieve the proton energy spectrum. In this
work, we report preliminary studies about simultaneous temporal resolved measurements of both the first forerunner
escaping electrons and the accelerated protons for different laser parameters.

Keywords: electro-optic sampling diagnostics; high-power laser; laser–plasma interaction; time-of-flight diagnostics; target normal sheath
acceleration; ultrashort high-intensity laser pulses

1. Introduction

The invention of chirped pulse amplification [1] has provided
a huge boost to laser technology, allowing the development
of ultrashort lasers. In less than 20 years, TW (1012 W)
and PW (1015 W) class systems have been built around
the world[2], becoming extremely useful tools to study the
interaction with plasma.

In particular, the use of intensities IL > 1018 W/cm2

permits us to study interactions in the relativistic regime
with solid-state matter opening the way to deliver completely
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new and very compact proton accelerators at the millimetre
scale[3–7].

The ion/proton production and acceleration processes are
extremely connected to the electron population directly ac-
celerated by the laser in the early stage of the so-called
target normal sheath acceleration (TNSA) phenomenon. The
electron energy spectrum is distributed following a Maxwell
distribution with a characteristic energy

Thot = E0 ×

(√
1+ a2

0 − 1
)
,

where a0 is the normalized laser potential.
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These hot electrons cross the target and leave an un-
balanced positive charge on it, establishing a quasi-static
potential. While most of them are stopped in the vicinity of
the back surface, within a distance of the Debye length[8],
only the fastest ones, constituting a small fraction of the
entire population, can completely escape from the potential.
The latter, in turn, is responsible for ion acceleration[9, 10].
Studying the fast component of the electron population, here-
inafter called ultrafast electrons, can reveal an interesting
aspect of the whole process and help to optimize the proton
acceleration.

At the SPARC LAB Test Facility[11], ultrafast electro-
optic sampling (EOS) diagnostics[12, 13] have been installed
in the FLAME laser[14] target area. This allows us to perform
temporally resolved measurements on fast electrons with
about 100 fs resolution[15, 16]. In a previous work, we have
shown how this diagnostic tool can investigate electron
beam properties, in terms of charge, energy and duration,
while changing the target geometry[17]. Moreover, we have
also employed our EOS probing line to study the evolution
of electric fields emitted by high-intensity lasers (IL >

1018 W/cm2) impinging on solid targets[18, 19].
In addiction, we added a time-of-flight (TOF) diamond

detector to the pre-existing experimental setup[20], employed
as proton energy spectrum diagnostics[21–24]. In the present
work, we report preliminary studies on simultaneous time
resolved measurements about ultrafast electron and proton
populations by varying laser parameters.

2. Experimental setup

The experiment has been carried out at the SPARC LAB Test
Facility[11] by exploiting the high-power laser FLAME[14],
delivering routinely down to 25 fs and up to 4 J pulses at
10 Hz on the target. After optical compression, the laser
beam is focused by means of an f/10 off-axis parabolic
mirror, reaching a final spot size down to 15 µm (1/e2

radius). Thus, a peak intensity up to ∼3 × 1019 W/cm2

can be achieved in the target area, held in a high-vacuum
environment (10−6 mbar), corresponding to a normalized
intensity a0 ≈ 3. Moreover, the high temporal contrast (10−8

at 10 ps and 10−10 at>100 ps) makes our system suitable for
plasma acceleration studies.

A small portion of the main beam is split and used as
a completely temporal jitter-free probe laser line. The two
laser beams are synchronized at the fs level in the interac-
tion point by means of an autocorrelator, consisting of an
α-BBO crystal and a delay line. The latter is also used to
perform a temporal scan of the interaction in a range of
500 ps.

The experimental setup is shown in Figure 1. The interac-
tion with solid matter consists in aluminium foil targets hit

Figure 1. Experimental setup. The FLAME laser is sent to an aluminium
target. The charged particles emitted during this interaction are revealed
by two single-shot time resolved measurements: electro-optic sampling
diagnostics, able to measure the electric field carried by relativistic fast
electrons, and a time-of-flight diamond detector, used to measure the
temporal distribution of protons arriving at it and to retrieve their energy

spectra[20].

by the FLAME laser pulses. The target holder was able to
host 1 cm × 5 cm (height by width) aluminium foils. The
holder was constructed by two aluminium plates containing
100 holes, 3 mm in diameter, corresponding to the available
number of shots per target, placed at a 0◦ angle with respect
to the laser. The ultrafast electrons, able to escape the target,
are detected by an electro-optic ZnTe crystal. Here, their
electric field can induce a local birefringence that, in turn,
can be probed by a laser beam. In particular, in the spatial
encoding scheme[25], the electrons’ longitudinal distribution
can be mapped in the probe laser transverse profile. Then,
by means of a polarization decoding line, the longitudinal
charge distribution can be measured. Due to the setup
geometry and probe laser size, a temporal window of 8 ps
with 100 fs resolution is achieved.

The temporal structure of the positively charged beam has
been measured by means of an electromagnetic-pulse-free
TOF diamond detector[26, 27], placed 1.05 m downstream of
the target at 0◦ with respect to the laser direction. This tool
allowed us to retrieve the proton energy spectrum for each
shot[20].
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a)

b)

Figure 2. Simultaneous detection of the (a) ultrafast electron charge,
(b) temporal length, and maximum proton energy for different available
target thicknesses.

3. Experimental results and discussion

We have performed simultaneous measurements on ultrafast
electron charge and temporal length, and proton energy by
changing the laser temporal length from 30 to 300 fs (full
width at half maximum (FWHM)) and the focal spot size
from 30 to 120 µm (1/e2 diameter).

The laser energy on the target was kept constant at 2 J.
All the experimental values are reported with their own

statistical error, since more shots have been collected for
each parameter set.

Initially, we tried to determine our best thickness value
among the available ones, i.e., 7 µm, 10 µm and 20 µm,
optimizing the proton energy as seen in previous works[28].
Thin targets (∼1 µm) seem to be preferable, but they can be
massively perturbed by the nanosecond-long laser pedestal
coming before the main pulse, able even to destroy the target.
Unfortunately, in the explored range, both the charge and
the temporal duration of ultrafast electrons and the proton
maximum energy are constant within the statistical error.

Figure 2 shows the values measured for different target
thicknesses. We decided to adopt, for this experimental
campaign, the 10 µm thickness due to the fact that it has
yielded a slightly better result in terms of maximum proton

a)

b)

Figure 3. Simultaneous detection of the (a) ultrafast electron charge,
(b) temporal length, and maximum proton energy for different laser
durations.

energy, as measured in the subtended solid angle of the TOF
diagnostic tool. Although a well-known scaling law[28] pre-
dicts a maximum proton energy of the order of tens of MeV,
energies of few MeV have been experimentally retrieved as
shown in Refs. [29, 30], for our experimental conditions in
terms of target thickness and laser pulse duration. However,
more measurements related to different target thicknesses
and geometries should be performed to try to enhance the
maximum proton energy and to optimize the spectra. On
the other hand, concerning the ultrafast electron population,
while the charge remains constant by varying the target
thickness, we measured the shortest temporal length for the
10 µm case.

Once the best performing target was implemented in
the setup, the experimental campaign was focused on the
behaviour of the electron and the proton varying the laser
parameters.

For both the laser spot size and temporal duration scaling,
the proton measured energy has been fitted with a power law,
namely,

F(x) = αxβ , (1)

where α and β are free parameters of the fit.
Figure 3 reports the experimental data regarding the elec-

tron beam charge and the temporal duration in comparison
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a)

b)

Figure 4. Simultaneous detection of the (a) ultrafast electron charge,
(b) temporal length, and maximum proton energy for different spot sizes.

with the proton maximum energy for different laser temporal
durations. From the experimental data regarding the proton
beam, the following relation is found:

Emax
p [MeV] = (3.5± 0.4)τL [fs](−0.09±0.03). (2)

The maximum proton energy is almost constant, as noticed
in Ref. [30] using the same time duration range, target
thickness, etc., but for lower laser energy. Meanwhile, the
extracted fast electron charge decreases exponentially with
laser temporal length and the temporal duration increases
linearly.

This can be explained starting from the characteristic hot
electron temperature Th , depending on the laser normalized
potential vector a0 ∝ I 0.5

L . Therefore, the lower the laser
intensity, the weaker the fast electrons, leading to a tem-
porally stretched bunch. Moreover, the number of particles
able to escape the target potential and detected by our EOS
diagnostics is smaller.

Figure 4 shows the experimental data regarding the elec-
tron beam charge and the temporal duration in comparison
with the proton maximum energy for different laser spot
sizes.

We found for the maximum proton energy as a function of
the laser spot size rL (FWHM)

Emax
p [MeV] = (4.8± 0.2)rL [µm](−0.25±0.09). (3)

Contrary to the laser temporal length scaling, in this scenario,
both the proton energy and the number of energetic electrons
exponentially decrease, as the laser on the target becomes
wider, with the intensity diminishing accordingly. On the
other hand, the electron beam temporal duration behaviour
is still linear.

Furthermore, rewriting Equation (3) as

Emax
p [MeV] = (4.8± 0.2)rL [µm]2·(−0.125±0.045)

and considering the laser intensity (IL = EL/(πr2
LτL))

dependence on the spot size squared and the pulse duration,
from Equations (2) and (3), we can infer Emax

p as a function
of the laser intensity,

Emax
p ∝ I (−0.1±0.04)

L , (4)

keeping the laser energy constant. Such a relation is valid
for a laser pulse with τL = 30–300 fs, w0 = 15–60 µm, at
a constant laser energy equal to 2 J, corresponding to a laser
intensity range IL = 0.1–2× 1019 W/cm2, impinging on an
aluminium target of 10 µm thickness.

4. Comments

The two different scenarios explored in this experimental
campaign gave us important feedback on the TNSA process.

• The ultrafast electron population, different from the
well-studied hot electron population mentioned in the
literature, strictly depends on the laser intensity. In
both scenarios, stretching the pulse and widening
the focal spot, we retrieved the same behaviour, i.e.,
exponential decreasing.

• In both scenarios, the ultrafast electron population
temporal duration shows the same linear behaviour.

• The proton maximum energy is strictly dependent on
the energy of the laser, as reported in the literature.
According to our measurements, it seems almost con-
stant when varying the laser duration (Equation (2)),
while being more sensitive to the laser spot size
(Equation (3)). Finally, combining the two relations,
we found that Emax

p is weakly dependent on the laser
intensity IL (Equation (4)).

• Detecting the ultrafast electron charge can give us a
clear hint about the proton maximum energy in the
case of the laser energy and spatial extension scanning
because of their reported behaviour.
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5. Conclusions

In conclusion, a characterization of the emission of fast elec-
trons and protons, occurring in ultra-intense laser and solid
matter interactions, has been performed by mainly varying
the laser temporal duration and focal spot size, using two dif-
ferent detectors. Indeed, thanks to 100 fs temporal resolution
EOS diagnostics, fast electron charge has been measured,
while a chemical-vapour-deposited diamond-based TOF de-
tector has provided the proton energy spectra.

We found an optimum thickness of 10 µm, obtaining the
highest proton energy,∼2.9±0.1 MeV, for our experimental
conditions, while the fast electron charge was almost con-
stant, ∼1.8± 0.4 nC. By varying the laser temporal duration
in the 30–300 fs range, we observed a constant behaviour in
the maximum proton energy, as confirmed in Ref. [30]. In
turn, the fast electron charge, detected by our EOS monitor,
decreases as the laser becomes longer. Measurements were
performed also for different laser intensities by changing the
laser spot size on the target. The fast electron charge, as well
as the maximum proton energy, decreases with reduction in
the laser power density. Our measurements are in agreement
with previous works where these scaling laws on the pro-
ton maximum energy were studied for femtosecond laser
pulses[28, 31–33]. Concerning the ultrafast electron temporal
length, we observed a stretching effect by decreasing the
laser pulse intensity. This can be explained as being due to
a higher velocity spread in the electron population, which
becomes less relativistic since its energy strongly depends
on the normalized laser vector potential a0.

These results show the potentialities of our simultaneous
detection system for both fast electrons and protons emit-
ted as a consequence of the interaction between a high-
intensity laser pulse and a solid-state target. In particular,
it may be employed to better understand the whole TNSA
phenomenon and how the fast electron beam can influence
the proton acceleration and, at the same time, how it can be
used to infer the expected proton spectra.
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H. Pépin, and P. Audebert, Nature Phys. 2, 48 (2006).

29. P. L. Poole, L. Obst, G. E. Cochran, J. Metzkes, H. P.
Schlenvoigt, I. Prencipe, T. Kluge, T. Cowan, U. Schramm, D.
W. Schumacher, and K. Zeil, New J. Phys. 20, 013019 (2018).

30. J. Schreiber, F. Bell, F. Grüner, U. Schramm, M. Geissler,
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