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Sub-picosecond snapshots of fast electrons
from high intensity laser-matter interactions
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Abstract: The interaction of a high-intensity short-pulse laser with thin solid targets produces
electron jets that escape the target and positively charge it, leading to the formation of the
electrostatic potential that in turn governs the ion acceleration. The typical timescale of such
phenomena is on the sub-picosecond level. Here we show, for the first time, temporally-resolved
measurements of the first released electrons that escaped from the target, so-called fast electrons.
Their total charge, energy and temporal profile are provided by means of a diagnostics based on
Electro-Optical Sampling with temporal resolution below 100 fs.
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1. Introduction

The interaction of high-intensity lasers with matter is able to produce flux of charged particles
(electrons, protons and ions) and electromagnetic radiation over a wide range of energy [1, 2],
enabling new experiments in several research areas like laser-based acceleration [3-5]. Ion
acceleration from thin foils irradiated by high-intensity short-pulse lasers, in particular, has
attracted high attention during the past decade since the emitted ion and proton pulses contain
a large amount of particles with energies in multi-MeV range [6-8]. This provides several
possibilities for a wide range of applications in nuclear and medical physics [9]. According to
the established theoretical models [10], the process acts as in the following. Some electrons are



Research Article Vol. 24, No. 26 | 26 Dec 2016 | OPTICS EXPRESS 29514

Optics EXPRESS

directly accelerated by the impinging laser and penetrate the target. The majority of them spread
and dissipate energy inside of it while the hor component of these electrons is able to reach
the target rear side and is released in vacuum [11]. Only the most energetic of these electrons
can escape, leaving behind an electrostatic potential that locks the majority of them near the
target [12]. Such potential, set up by the unbalanced positive charge left on target [13], generates
an electric field that ionizes and accelerates surface ions [14, 15] in a process called Target
Normal Sheath Acceleration [16] (TNSA). Usually a thin layer (few nm) of hydrocarbons, water,
or oxides contaminates the target surfaces so that ions with the highest charge-to-mass ratio are
accelerated predominantly.

So far only indirect evidences of the escaping electron component have been recorded by
measuring the radiated electromagnetic pulses [17, 18] and magnetic fields [19] but a detailed
and time-resolved study of the release mechanism has not been carried out yet. Here we report
direct and temporally resolved measurements of fast electrons ejected from solid targets after the
interaction with a short-pulse high-intensity laser. We employed a temporal diagnostics based on
Electro-Optical Sampling (EOS [20]), widely used in conventional accelerators [21,22], that
provides “snapshots’ of such electrons with sub-picosecond resolution.

EOS crystal
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Fig. 1. Setup of the experiment. The FLAME laser is focused on a metallic target that ejects
electrons. The EOS system, based on a ZnTe crystal 1 mm downstream the target, measures
the temporal profile of the emitted electrons by means of an ultra-short probe laser.

2. Experimental setup

The experiment has been carried out with the FLAME laser [23] at the SPARC_LAB test-
facility [24] using the setup shown in Fig. 1. It consists a 130 TW Ti:Sapphire laser system
delivering 35 fs (FWHM), up to 4 J pulses at 800 nm central wavelength and 10 Hz repetition
rate. The laser beam was focused f/10 off-axis parabolic mirror with focal length f = 1 m. Fast
electrons are produced by irradiating the tip (about 10 um thick) of a stainless steel wedged
target with 2 J laser pulses. The 1/¢> diameter of the laser spot on target was approximately
60 um. The EOS diagnostics relies on a 500 um-thick ZnTe crystal and employs the spatial
decoding technique [25], in which a probe laser enters into the crystal with an incidence angle
0; =~ 28°. A lens installed downstream the crystal is then used to image the laser on a CCD
camera where the EOS signal is detected. The probe laser (35 fs pulse duration) is directly split
from the FLAME laser, ensuring a jitter-free synchronization. Being d; = 6 mm its transverse
spot (fwhm), the active time window provided by the EOS is At = (dr./c) - sin6; = 10 ps, where
c is the vacuum speed of light. Temporal resolutions of the order of few tens of femtoseconds
have been demonstrated in past years by using different electro-optic crystals and decoding
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techniques [26]. In our case the final resolution is less than 100 fs.
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Fig. 2. (Top) Detailed view of the EOS experimental setup. 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. Due to the imaging lens
employed, the signals are flipped both horizontally and vertically. (a) The bunch Coulomb
fields make the crystal birefringent. (b) While the electric field penetrates in the crystal, the
local birefringence shifts downwards. Simultaneously the probe laser crosses the crystal and
its polarization is thus rotated. (c) The resulting signal is emitted along the blue region, i.e.
where the local birefringence and the probe laser temporally overlapped.

In our setup the temporal charge profile of the emitted electron cloud is spatially imprinted
along the transverse profile of the probe laser, temporally synchronized with the electrons in
correspondence of the ZnTe crystal. A detailed view of the EOS setup is shown in Fig. 2(a). The
ZnTe crystal is located 1 mm downstream the target. Since after the laser-solid target interaction
the majority of hot electrons is confined within a distance of the order of the Debye length [27]
(less than 1 pm in our experimental conditions), only the most energetic ones capable to escape
the potential barrier reach the crystal and are detected during the illumination by the probe pulse.
Figure 2(b) also shows the encoding process of the electron beam along the laser transverse
profile. Since we used a lens in order to image the crystal on the CCD camera, the signals appear
flipped both horizontally and vertically. Due to the geometry of the implemented EOS setup
(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 electrons electric field) and
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the probe laser temporally overlap along the dashed blue region. As a consequence the EOS
signals imaged on the CCD exhibit a curved shape. The total charge and duration (indicated
by o, in Fig. 2) of the emitted electrons is then retrieved from the signal amplitude and width,
respectively.

The synchronization of the main and probe lasers in correspondence of the EOS crystal is
obtained by means of an a-cut BBO crystal installed on the ZnTe holder. The time overlapping
(representing our reference time) is then retrieved by looking for light emission by second-
harmonic generation (SHG). For this purpose a 3 fs resolution delay-line has been installed on the
probe line (see Fig. 1). Once the reference time is determined, the delay-line is moved in order to
be synchronized with the emitted electrons and produce a detectable EOS signal. By measuring
the relative delay with respect to the reference time it is possible to estimate the energy of the
emitted electrons. Indeed, being the EOS a single-shot device, it can be used as a time of arrival
monitor allowing to measure its time of flight [22,25]. Unlike conventional time-integrated
spectrometric techniques, this method is able to provide energy measurements resolved in time.
Figure 3 shows the calibration of the energy as a function of the measured relative delay. It is
worth noting that only the average electron energy can be estimated with such method, not the
entire energy spectrum.
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Fig. 3. Mean electron energy vs time of flight calibration. Each point corresponds to one
delay line step (3 fs). The inset shows a magnification of the first part (higher energies).

3. Numerical simulations

In order to retrieve the main properties of the emitted electrons (charge, energy and duration) we
developed a numerical simulation in MATLAB environment. It starts calculating the transverse
electric field of an electron bunch travelling in vacuum at distance r from the ZnTe crystal,

Or e A(1)

R Z b
dreoy? Joo (22 +r2/y2)?

Ey(r,1) = ey

where € is the vacuum permittivity, Q the bunch charge, y the relativistic Lorentz factor and
A(t) is the longitudinal charge density, assumed Gaussian with duration o-,. The simulation then
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takes into account the dispersive propagation [28] of such field in a ZnTe crystal of thickness d.
Being n(w) and x(w) the crystal refractive and absorption indices in the Fourier domain [29],
the propagating field is

E,(r,w) = Ay (W)E, (r, w) exp (i%(n(w) + iK(w))d) s 2)

where A;r(w) = 2/(n(w) + ik(w) + 1) is the amplitude transmission coefficient. ZnTe, in
particular, is affected by a phonon resonance located at Qy = 5.3 THz, causing a large absorption
for frequencies close to €. Consequently the field spectrum is strongly distorted for frequencies
above such threshold. The sampling is then performed by a co-propagating probe laser pulse
whose initial linear polarization gradually becomes elliptical due to the electro-optic effect
induced by the Coulomb field. Being A, the laser central wavelength, the overall phase delay
cumulated by the probe laser at the end of the crystal is given by the convolution

2nd —~
T(r,1) = %né(uml E,(r.0) + EL(1). 3)

where ng and ry4; are the ZnTe optical refractive index calculated in 4, and its electro-optic
coefficient, respectively. Ey (¢) represents the normalized (dimensionless) laser electric field, again
assumed to be Gaussian. The process terminates by simulating the signal output (cc sin? (I'/2)) on
the CCD camera [30]. Since the shape and strength of the detected signals depends on the bunch
parameters, we extrapolated such information by a direct comparison between the experimental
data and the simulated one.

3.1. Determination of the main bunch parameters from the electro-optic signals

According to Eq. (3), the main parameters of the electrons ejected from target can be retrieved
from the resulting electro-optic signals. Indeed the signal shape is strongly altered by changing
the main beam parameters. If » < yco;, where o, is the (rms) beam duration, the observer is in
the near field region and the electric field in Eq. (1) reduces to E, (¢) = 20 A(t)/(4mepr). On the
contrary, in the far field limit (r > yco,) the field reads E, ~ Qy/(4negr?), i.e. the bunch is
seen as a point-like charge by the observer. Figure 4 reports six different simulated cases related
to electron bunches with different initial parameters, summarized in Table 1. The dependency on
the total electron charge is not analyzed since the signal amplitude scales linearly. We investigated,
in particular, the dependency on the bunch energy (Ey), duration (o), position with respect to

the crystal (xp, yg, with r = / x% + yé) and relative delay with respect to the probe laser.

Table 1. Bunch parameters used to produce the electro-optic signals showed in Fig. 4. Here
x p represents the horizontal offset of the bunch with respect to the crystal center while yp
is the vertical distance with respect to the crystal side. The charge is 1 nC in all cases.

Figure | Eg MeV) | o (ps) | x (mm) | yg (mm) | Atjaser (pS)
4(a) 10 1 0 1 0
4(b) 1 1 0 1 0
4(c) 10 10 0 1 0
4(d) 10 1 0 10 0
4(e) 10 1 3 1 0
4(f) 10 1 0 1 4

Figure 4(a) shows the simulated electro-optic signal produced by a 10 MeV bunch with 1 ps
duration traveling at yp = 1 mm distance from the upper side of the crystal. As outlined by
Fig. 2(b), the geometry of the EOS setup produces signals with curved shapes. In Fig. 4(b) the
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Fig. 4. Numerical simulations of the electro-optic signals produced by using the bunch
parameters summarized in Table 1. The plots show the simulated output detected by the
CCD camera. The charge is 1 nC in all cases.

mean beam energy is decreased to 1 MeV and, as a result, the resulting signal appears wider
because of the field opening in the longitudinal direction (< /). If compared to Fig. 4(c),
corresponding to an higher energy bunch (10 MeV) with longer duration (10 ps), the signals are
very similar. In order to distinguish between these possible situations, an independent measure of
the mean energy or duration is needed. In our case we experimentally measured the mean energy
by using the EOS as a time of flight monitor. This allows to discriminate such kind of signals.
Another parameter affecting the signal shape is the distance between the traveling electrons and
the observer (i.e. the ZnTe crystal in our case). Figure 4(d) shows the case in which the bunch
vertical coordinate yp is increased from 1 mm to 10 mm. The resulting signal is wider for the
longitudinal field opening. Moreover it exhibits a less pronounced curvature due to the fact that
the radial distance from the field source is increased. Figure 4(e) shows the effect of an horizontal
offset xp = 3 mm of the electron beam with respect to the crystal center. As a consequence the
resulting signal is tilted toward the direction of the offset. This aspect is particularly useful in
order to reconstruct the beam path after its emission from target. The last simulation, shown in
Fig. 4(f), corresponds to a different delay (A7 = 4 ps) of the probe laser with respect to the same
bunch of Fig. 4(a). The result consists in a signal shift toward the upper side of the crystal.

4. Experimental results

For the experimental measurements the distance between the ZnTe crystal and the path of the
emitted electrons is set to r ~ 1 mm. Figure 5(a) reports a typical EOS snapshot, exhibiting the
expected curved shape as outlined in Fig. 2(b). By delaying the arrival time of the probe laser
onto the crystal, the position of the EOS signal changes accordingly. In this case we expect the
signals to shift down, because in the meantime the induced local birefringence moved far from
the path of the travelling electrons (cf. Figure 2(b)). This is shown in Fig. 5(c) and confirmed
by the simulation in Fig. 5(f). By anticipating the probe laser the behavior is the opposite (cf.
Fig. 5(b) and Fig. 5(e)). 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. A
good agreement with measurements is obtained by simulating an electron bunch with 2.1 nC
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Fig. 5. (a-c) Experimentally measured EOS signals obtained by changing the probe laser
delay (Ar) 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 assuming the emitted electron
cloud described in Sec. 4. 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.

charge, 14 MeV energy and about 500 fs duration. The overall reproducibility of the experiment
is proved by considering that the structure of the EOS signals in Fig. 5 (a-c) remains unaltered
while the probe delay is changed shot-by-shot. This is confirmed by the numerical simulations in
Fig. 5 (d-f). 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.

According to the simulates EOS signals, once the mean energy of the traveling bunch is
determined, the width of the signal itself is actually proportional to the bunch duration. Therefore
the charge temporal profile can be obtained by performing a line-out along the time direction
depicted in Fig. 5(a). The result, shown in Fig. 6, has been calculated by averaging a series
of line-outs along the curved shape of the signal. The red line represents the simulated EOS
signal profile of the snapshot shown in Fig. 5(d). Due to the spatial encoding setup, the time
axis is retrieved by calibrating the CCD pixels as Afpixer = (Axpixer/c) - sin6; = 15 fs, where
Axpixer is the pixel physical size. This result represents the first measurement ever done with
sub-picosecond resolution of the fast electron component released in laser-matter interactions.
Such charge profile shows that the 2.1 nC fast electrons are *bunched’ in time with a peak current
of about 2 kA.

5. Conclusions

We have presented direct and temporally-resolved measurement of the first electrons ejected from
solid targets. Our snapshots captured their evolution with sub-picosecond resolution and provide,
at the same time, an evaluation of the total emitted charge, mean energy and temporal profile.
They indicate that approximately 2.1 nC of fast electrons escaped from target and traveled up to
the EOS crystal. By analyzing at the corresponding temporal profile, these electrons appear to
be grouped in time with approximately 500 fs duration. By measuring their time of flight and
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Fig. 6. Single-shot temporal profile of the snapshot reported in Fig. 5(a). The profile is
obtained by averaging a series of line-outs performed along the time direction (white arrows).
The errorbars are calculated as the standard deviation of such average. The red dashed line
represents the corresponding profile provided by the numerical simulation of Fig. 5(d). The
time axis is centered in correspondence of the signal peak.

comparing with simulations we obtain a mean energy of about 14 MeV. Since the measured fast
electrons are responsible for the generation of the electrostatic potential, that in turn establishes
the subsequent acceleration of protons and heavier ions, the EOS diagnostics represents a suitable
tool in order to probe the temporal evolution of the induced potential barrier near the target
surface and for a deeper understanding of the entire TNSA acceleration process.
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