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The interaction of an ultra-intense laser with a solid state
target allows the production of multi-MeV proton and
ion beams. This process is explained by the target normal
sheath acceleration (TNSA) model, predicting the creation
of an electric field on the target rear side, due to an unbal-
anced positive charge. This process is related to the emission
of relativistic ultrafast electrons, occurring at an earlier
time. In this work, we highlight the correlations between
the ultrafast electron component and the protons by their
simultaneous detection by means of an electro-optical
sampling and a time-of-flight diagnostics, respectively,
supported by numerical simulations showing an excellent
agreement. ©2020Optical Society of America

https://doi.org/10.1364/OL.402938

The tremendous progresses in laser physics [1,2] have made it
possible to overcome the technological limits hampering the
study of the interaction between intense optical radiation and
matter. The topic is extremely fertile and appealing for its many
potential applications such as compact laser-plasma-based
accelerators [3,4], sources of secondary radiation [5], mimick-
ing astrophysical scenarios [6], and so on. The realization of
chirped pulse amplification (CPA), in particular, has provided
ultrashort high-energy pulses, extremely useful to investigate the
interaction with solid state matter at femtosecond level. Indeed,
for laser intensities larger than 1018 W/cm2 and normalized
potential vector values a0� 1, the interaction, occurring in
the relativistic regime, opens the way to completely new, very
compact proton accelerators at sub-millimeter scale [7–9].
Indeed, extremely high electric fields on the order of TV/m [10]
are generated on the back surface of the target, able in theory to
accelerate ions and protons at hundreds of MeVs in a very short
distance [11]. The picture of the interaction is the following.
Electrons on the target’s front surface are accelerated directly
by the laser [12] and propagate into the bulk, leaving the target.

Meanwhile, a positive unbalanced charge is induced on the tar-
get [13]. This, in turn, rules the establishment of a quasi-static
electric potential, responsible for ion acceleration [14]. Among
the totality of ejected electrons, called hot electrons, the majority
is stopped in the vicinity of the back surface, within a distance of
the Debye length, by the abovementioned potential, re-hitting
it and producing secondary electrons. A small fraction of the
negatively charged particles, hereinafter called ultrafast (UF)
electrons, is able to completely escape the target, overcoming the
potential due to its multi-MeV energy. The energy distribution
and the charge in the escaping electron bunch are linked to the
hot electron temperature, which, in turn, defines the depth of
the potential well at the target’s rear surface (i.e., the ion energy).
Retrieving the metrics of the UF electron bunch experimen-
tally, and correlating them with the proton beam parameters
in the same shot, is invaluable to obtain quantitative details of
the acceleration process. Due to the typical timescale at sub-
picosecond level, proper diagnostics are needed to probe such
phenomena. In previous works [10,15–18], we have demon-
strated the feasibility of a temporally resolved diagnostic, based
on an electro optic sampling (EOS) technique in the spatial
encoding scheme [19], to characterize the ultrafast electron
emission during laser–solid matter interactions, allowing to
retrieve the ultrafast electron beam charge (Quf) and temporal
length (τuf) [16].

In this Letter, we experimentally demonstrate that the
charge and length of the ultrafast electron bunch are in direct
correlation with the proton energy gain. Qualitatively, this
correlation arises from the fact that the measured parameters of
the ultrafast electron bunch are defined by the temperature of
hot electron distribution. The latter, in turn, defines the depth
of the potential well at the target’s rear surface (i.e., the proton
energy.) Concerning the characterization of accelerated protons,
time-of-flight (TOF) diamond detectors have been employed
to retrieve their energy spectrum after the acceleration process
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[2021]. In addition to previous results, the concurrent cor-
relation between the ultrafast electron parameters, namely,
charge and temporal length, measured by EOS diagnostics
and the maximum protons energy, retrieved from the imple-
mented TOF diamond detector, is obtained as a function of
the laser energy. The experimental findings are supported by
means of numerical simulations by using an electron ballistic-
propagation code (EBC [22]). From these, the correlations
between the ultrafast electron component charge and tempo-
ral length and the established potential involved in the target
normal sheath acceleration (TNSA) process are retrieved. The
experiment has been performed at SPARC_LAB Test Facility
employing the 100 TW laser FLAME [23].

Figure 1 shows a sketch of our setup. For this experiment,
the 4 J 30 fs laser pulses, exiting the compressor chamber,
are focused onto a 10 µm thin aluminium target by a f /10
off-axis parabolic mirror down to 15 µm waist. Thus, since
50% of energy is in the focal spot, a peak intensity in excess of
1× 1019 W/cm2 is achieved on the target, corresponding to a
normalized intensity a0 ≈ 3. Moreover, the temporal contrast
is 10−6 at ps level and below 10−9 at ns scale. Before the last
multipass amplifier, a small portion of the laser beam is used
as an auxialiary beamline [24], devoted mainly to probe laser
interaction experiments. The time of arrival of the two beams
in the target area is tuned by means of an optical autocorrelator.
Furthermore, a motorized delay line, installed on the probe line
optical path, allows to perform a temporal scan of the interac-
tion (500 ps of travel). The probe laser is employed to detect the
electric field of the ultrafast electrons escaping the target after
the interaction, leaving a signature in an electro optical ZnTe
crystal, placed 2 mm far from the focus and above it. As shown in
our previous works [15–17,20], this technique allows to recon-
struct the electron longitudinal distribution from the probe laser
transverse profile by means of a polarization decoding line. In
our case, two polarizers (P1 and P2) are installed before and after
the ZnTe crystal, with an extinction coefficient of 10−4. Due to
the setup geometry and probe laser size, a temporal window of
8 ps with 100 fs resolution is achieved. Due to the its position,
plasma debris released during the interaction can damage the
crystal. For this reason, this was constantly monitored, by means
of a dedicated camera, and replaced if needed.

On the other side, the proton bunches, accelerated due to the
extremely high (∼TV/m) electric field present on the target’s

Fig. 1. FLAME laser is focused by a parabola (OAP) and sent onto
a 10 µm thick aluminum target (T). An electro-optical sampling
diagnostic, relying on two polarizers (P1 and P2), a ZnTe crystel (EO),
and an imaging lens (L), exploiting a delay line (DL) to temporally scan
the interaction, and a time-of-flight diamond detector (TOF) have
been installed.

rear surface [10], was measured by means of a TOF diamond
detector, placed 1 m far from the target, at 0◦ with respect to
the laser’s incident direction and having a line of sight of the
target completely free. The diamond detector was fabricated
in a planar interdigitized electrode configuration, allowing to
reach a temporal resolution less than 800 ps [21,25], resulting
in an energy resolution below 1% in the MeV range. On the
other hand, the signal coming from the TOF detector cannot be
related to any possible carbon ion. In the presented experiments,
the diamond detector was covered with a 10µm aluminum foil,
able to stop carbon ions with energies ≤12 MeV. According
to our experimental parameters, this is very much beyond
what is expected for C ions. Our experiment is in common
TNSA conditions, where ions are accelerated by a potential
sheath developed on the rear surface of the target. They will
thus gain kinetic energy according to this potential and their
average charge. Since protons have the highest charge-to-mass
ratio with respect to other ions, for a given potential, they will
be the first to reach the detector. In a TOF detection scheme,
the first signal observed will be thus clearly due to the most
energetic protons, very much separated in time with respect
to other possible energetic ion components. Moreover, in this
Letter, we report results of just the maximum proton energy,
rather than the whole proton spectra, and thus no contribution
coming from C or other ion species can be present. Figure 2
shows the ultrafast electron charge value measured for differ-
ent laser energies. The error bars represent the statistical error.
Fitting the experimental data with a power law, the relation
between electrons’ charge and laser energy has been found to be
Quf [nC ] = (0.59± 0.03)× (E L [J ])(0.75±0.01). The result is
supported by models [8,26,27] in literature, describing intense
laser–solid matter interaction. In detail, assuming the number
of ultrafast electrons is defined as Nuf = δ ∗ Nhot, with δ� 1
[10], i.e., the ultrafast electrons are a small portion of the hot
electrons population, Nhot = η ∗ E L/Ehot, where η∝ E 1/4

L is
the photons-to-hot electrons conversion efficiency coefficient,
E L is the laser energy, and Ehot =me c 2

× {(1+ a2
0)

0.5
− 1},

following the ponderomotive scaling law [22], is the average hot
electron energy [13]; since a0 ∝ E 0.5

L , one finds Quf ∝ E 0.75
L .

For each EOS signal, also the proton energy was measured by
means of a TOF diamond detector. Figure 2 reports how the
highest measured proton energy behaves as a function of laser
energy. As expected, increasing the number of photons hitting
the target, protons leave it with higher energy. Indeed, we found
experimentally

E p [MeV] = (1.84± 0.09)× (E L [J])
(0.56±0.12), (1)

in agreement with previous works [28–30]. In Fig. 2, a correla-
tion between ultrafast electrons and protons can be derived. The
proton energy goes up as ultrafast electrons’ extracted charge
from the target increases with an almost linear dependence. This
is a direct consequence of a stronger potential established on the
target’s rear surface, able to accelerate protons from ionized lay-
ers to higher energies. The experimental evidence of correlation
between proton energy and ultrafast electron charge confirms
the guess we have done in a previous work [15], where different
target geometries were studied. In particular, it was claimed that
for shorter and higher charged ultrafast electron bunches, the
expected proton energy is supposed to increase. Furthermore,
the electrons leaving the target are characterized by a higher
energy, and thus they present a shorter bunched structure.
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Fig. 2. Experimental ultrafast electrons charge versus proton
maximum energy for different laser energies.

Fig. 3. Experimental and simulated ultrafast electrons temporal
duration versus proton maximum energy for different laser energies.

In Fig. 3, a different correlation between UF electrons
and protons can be derived. The larger error bars at lower
laser energy are due to a lower SNR, since less charge is
extracted and a weaker field is detected. The measured
proton energy goes up with the increase in laser energy.
This is correlated to the shortening of the measured elec-
tron bunch as highligthed by the retrieved power law
τuf [ps] = (1.56± 0.07)× (E L [J])(−0.70±0.1). The latter can
explained by a smaller velocity spread when β ∼ 1 at higher
laser energies. As a consequence, shorter highly charged electron
beams suggest a stronger accelerating potential at the target’s
rear surface. The experimental measurements related to the
UF electron components can be linked directly to the retrieved
proton energy, as shown in Fig. 4. Here, we show the maximum
proton energy as a function of the UF electron component
charge. Fitting the experimental data with a power law, an
empirical law has been retrieved:

E p [MeV] = 2.7± 0.2× (Quf [nC])(0.6±0.1). (2)

Moreover, due to the adopted temporally resolved diag-
nostic, we were also able to extrapolate the relation between
the maximum proton energy and the UF electron component
duration. Fitting the experimental data with a power law, an
empirical law has been retrieved: E p [MeV] = 2.8± 0.1×
(τuf [ps])(−0.9±0.2). We have to highlight that this relation is
valid in our laser energy range leading to ps-long bunches.
Further studies should be performed at higher laser energy
aiming at shorter bunches at fs level. Finally, these empirical
laws show the foreseen correlation between the electron and

Fig. 4. Proton maximum energy as a function of the ultrafast
electron duration and charge.

proton beams ruled by the deduced quasi electro static potential.
As pointed out above, the detection of shorter highly charged
electron beams suggests the creation of a stronger potential on
the target’s rear side, while increasing the laser energy, allowing
the production of more energetic protons. The retrieved exper-
imental data regarding characterization of the UF energetic
electron component, linked strictly to the potential barrier Vp
[31], in turn responsible for the proton acceleration, are sup-
ported by the EBC [22]. Due to this model, we can first retrieve
the early potential by applying

Vp = Th

(
λ

√
λ2 + 1

log

( √
λ2 + 1+ 1

λ ∗ (
√
λ2 + 1− λ)

)
− log(2λ)

)
.

(3)

From here, the charge of electrons reaching the rear side with
energies ε≥ Vp reads

Quf '

∫
∞

Vp

η(IL)
e1E L exp(−ε/Th)

tL
×

(
1

vVp

−
1

v(ε)

)
dε,

(4)

where λ=
√

2 ∗ exp(1)λD/r L , with the Debye length
defined as λD =

√
ε0Th/e 2n, where n = Nh e/πr 2

L tL
∫
∞

0 v(ε)

exp(−ε/Th)dε is the electron density, r L and tL are the laser
radius and duration, respectively, ε is the electron energy, v(ε)
is the electron speed, and1 is the target thickness. For our pur-
poses, we used Nε = 5e 3 points to discretize the energy, assumed
Emax = 20Th to be its maximum value, and 0.01 fs as the time
unit. The simulation data regarding the charge Quf [Eq. (4)] and
the magnitude of the potential barrier Vp [Eq. (3)], as a function
of the laser energy, are reported in Fig. 2 showing an excellent
agreement with the experimental results. It is worth to stress
that these results refer only to the UF component of the emitted
particles and not to the total population, as done in other works
[32–34], whose charge according to our simulations ranges
from ∼37 nC to ∼110 nC. Furthermore, we used the EBC to
explain also the measured UF electron beam duration [22].The
results for τuf are shown in Fig. 3. In detail, for larger laser inten-
sities, the ejected relativistic electrons present a small velocity
spread, resulting in a shorter bunch; meanwhile, as the laser
energy decreases, the electron velocity spread increases, resulting
in longer bunches. Nevertheless, the difference between our
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model and data increases in the case of lower laser energies.
The reason is twofold. On one hand, the EOS signal is affected
by the electron energy: at lower energy, the same signal looks
wider because of the field opening in the longitudinal direction
(∝ r/γe ) [16]. On the other hand, some assumptions in our
model, such as the energy cut at Vp and the absence of some
collective effects, e.g., space charge forces (∝ γ−2

e ), are neg-
ligible only for relativistic particles, leading to an additional
contribution in temporal broadening. In conclusion, we have
shown in our Letter how the emission of ultrafast electrons and
protons, produced in the same ultra-intense laser–solid matter
interaction, changes by varying the laser energy on the target.
In detail, two different detectors, an EOS and a TOF diamond,
have been employed to measure the charge and duration of the
ultrafast electrons and the proton energy spectrum, respectively.
From our data, we found that as the laser energy increases, more
charged and shorter ultrafast electron bunches are detected.
In turn, a higher electric field is responsible for more energetic
protons released from the target, as highlighted by the proton
energy measurement. Moreover, we have shown for the first
time two empirical laws [Eqs. (1) and (2)] linking the measured
ultrafast electron properties with the proton maximum energy
for our experimental parameters. Our measurements have been
supported by numerical simulations from the EBC, a simplified
scalar model complementary to the well-known ChoCoLaTII,
showing an excellent agreement. In detail, it allowed us to
determine the potential, established on the target real surface,
responsible for proton acceleration, relating it to electron beam
charge and duration.

Disclosures. The authors declare no conflicts of interest.
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