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Abstract
Large-amplitude electromagnetic radiofrequency fields are created by the charge-separation induced in interactions
of high-intensity, short-pulse lasers with solid targets and have intensity that decreases with the distance from the
target. Alternatively, it was experimentally proved very recently that charged particles emitted by petawatt laser–
target interactions can be deposited on a capacitor-collector structure, far away from the target, and lead to the rapid
(nanosecond-scale) generation of large quasi-static electric fields (MV/m), over wide regions. We demonstrate here
the generation of both these fields in experiments at the PHELIX laser facility, with approximately 20 J energy and
approximately 1019 W/cm2 intensity, for picoseconds laser pulses, interacting with pre-ionized polymer foams of near
critical density. Quasi-static fields, up to tens of kV/m, were here observed at distances larger than 1 m from the target,
with results much higher than the radiofrequency component. This is of primary importance for inertial-confinement
fusion and laser–plasma acceleration and also for promising applications in different scenarios.
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1. Introduction

High-power laser systems (from the GW up to the PW
range) are used for performing laser–plasma interaction
experiments, exploiting the interaction of focused high-
intensity laser pulses with solid targets. These experiments
aim at studying various fields of physics, such as laser-driven
particle acceleration[1], laboratory astrophysics[2–4] and the
ion-driven fast ignition approach for inertial confinement
fusion[5]. One of the consequences of the laser–target inter-
action is the generation of pulsed electromagnetic (EM)
fields (electromagnetic pulses, EMPs)[6,7]. The mechanisms
that drive these EMPs can be different – depending on
the interaction regime – and EM radiation with associated
different features can be thus emitted at different intensities

Correspondence to: M. Scisciò, Fusion and Technologies for Nuclear
Safety Department, ENEA, Via Enrico Fermi 45, Frascati, Italy. Email:
massimiliano.sciscio@enea.it

(up to several MV/m) and frequencies (from the MHz to
the THz range)[6,7]. The most well-known EMP emission
mechanism is related to the neutralization current that flows
through the target holder due to the laser pulse depleting
the solid target from electrons[8–12]. This leads to the gen-
eration of a fast-oscillating, radiated EM field in the range
of radiofrequencies (RFs), that is, from megahertz up to a
few gigahertz, that propagates inside the vacuum chamber
and also is capable of reaching the space external to the
chamber. The amplitude of the electric field can reach the
order of megavolts per meter and it represents one main
hazard for electronic devices nearby, due to efficient EM
coupling in this frequency range. However, intense electric
fields can also be generated by the charged particles that
are emitted from the irradiated target[7,13–15]: ion wakefields
and charge accumulation on surrounding objects can lead to
intense quasi-static fields that superimpose on the RF EMP
signal. In Ref. [14], Consoli et al. reported measurements
performed at the Vulcan PW laser facility, where electrons
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and protons impinged onto the focusing parabola of the
experimental laser setup, which led to transient electric fields
in the range of hundreds of kilovolts per meter at a distance
of a few meters from the interaction point. In this paper, we
present experimental data that exhibit similar characteristics
to those reported in Ref. [14], which were obtained during a
campaign at the PHELIX laser facility (GSI, Germany)[16].
Our measurements represent a further confirmation that
particles emitted from the target are capable of accumulating
on objects in the vacuum chamber and therefore generate
transient quasi-static electric fields. Moreover, this type of
EMP is capable of generating extremely high electric fields
at large distances from the target (a distance of over 1 m,
in our case), while the classical RF EMPs, driven by the
neutralization current through the target holder, have their
amplitude decreased significantly[8–10]. This makes the study
of such EMPs very important for the implementation of elec-
tronic equipment in existent and upcoming laser facilities
for both laser–plasma acceleration[17–19] and inertial confine-
ment fusion[17,20,21]. By implementing a D-dot differential
E-field probe[22], we measured a quasi-static electric field
localized between a Teflon brick – which was irradiated by
ions and electrons stemming out of the target – and the
conducting external chamber wall, which acts as an open
capacitor-collector structure. At the position where our field
probe was placed, the quasi-static field and the RF compo-
nent combined for an amplitude in the multiple tens of kV/m
order. Using a methodology similar to the one used in Ref.
[14], we studied the temporal evolution of the electric field
signal with particle-in-cell (PIC) simulations. The numerical
results indicate that the quasi-static electric field is generated
by the combination of the following. (1) Ion wakefields, that
is, the static electric field that is associated with drifting ions:
being non-relativistic, the resulting fields have both a longi-
tudinal (i.e., in the direction of motion of the particles) and a
transversal components[23,24]. (2) Charge accumulation, due
to accelerated ion populations with different mean energies
that irradiate the Teflon object inside the chamber.

2. Experimental results

The measurements presented here were obtained during a
campaign at the PHELIX laser system (located at the GSI
research facility in Germany), which provided – in our
specific setup, reported in Figure 1 – pulses with duration
of τ ≈ 750 fs and energy up to approximately 100 J after
the compressor and about 20 J within the full width at
half-maximum (FWHM) focus on the target. The laser light
(S-polarized, λ = 1053 nm wavelength) was focused down
with an off-axis parabola on a solid target (rotated by 7◦
from the laser axis, made of a CHO 2 mg/cc polymer
foam of 350 μm thickness stacked with a 1 mm thick Au
planar converter from the rear side), yielding an intensity
of I ≈ 2.5×1019 W/cm2 on a spot of approximately 15 μm

FWHM. Prior to the main pulse, a secondary pulse, with a
delay of 2.5 ns and an energy of 1 J, irradiated the target
for pre-ionizing the foam layer and created a plasma of near
critical density [25]. As reported in Figure 1, the area in the
laser forward direction, in front of the target, was devoted
to diagnostics for measuring the energy, the spectra and
the spatial distribution of relativistic electrons generated in
the foam and gamma radiation in Au-converter, the main
purpose of the campaign[25]. A characteristic feature of
laser interaction with a plasma of near critical density, is
the production of high current electron and ion beams. At
an angle of 80◦ from the laser axis, and at a distance of
dDdot = 123 cm, we placed a D-dot differential probe (which
is pictured in the photograph of Figure 1) for measuring
the electric field of the laser-driven EMP signal[6]. A 10 cm
thick Teflon brick (30 cm wide and 30 cm high) was placed
between the field probe and the laser–plasma interaction
point – at a distance of dT = 95 cm from the target – with
the purpose of shielding the D-dot from direct particle and
ionizing EM irradiation (e.g., ultraviolet (UV)-X-rays). The
D-dot, which measures the component of the electric field
along its sensitive axis (see the photograph in Figure 1), was
orientated in such a way to measure the

−→
E z component of

the electric field in the reference system reported in the setup
scheme (Figure 1). We estimate the eventual misalignment
of the probe to be not greater than ±10◦ with respect to the
z-axis, that is, leading to an uncertainty lower than 2% for the
measured signal amplitude. The differential signal, which is
proportional to the time-derivative of the incident electric
field, was transformed by a balun[22] to a single-channel
signal, and then transmitted to a Lecroy WP 735Zi (4 GHz)
oscilloscope through an approximately 10 m long, double-
shielded coaxial cable. A time-of-flight (TOF) diamond
detector[26] was installed at an angle of 90◦ from the laser
axis, dD = 152 cm away from the target, behind the position
of the D-dot and elevated above the Teflon wall, in order to
obtain information about the ions that were accelerated in the
direction of the field probe.

In Figure 2(a) we show the raw signal that was retrieved
by the D-dot for shot #32 of the campaign, which had a
laser energy of 19.3 J on target. We obtained the reported
measurement by acquiring the D-dot signal on two channels
of the oscilloscope (using a calibrated signal splitter), set
with different amplitude scales, in order to improve the
signal-to-noise ratio of the signal (using the same technique
reported in Ref. [26]). The frequency-dependent signal
attenuation, provided by the cable chain that connected the
probe to the scope, was taken into account by performing
a de-embedding procedure of the cables and adjusting
the retrieved raw signal accordingly (see Section 4.1,
devoted to measurement techniques, for details). The signal
shown in Figure 2(a), at first glance, is coherent with the
temporal shape of a classical laser-driven EMP signal: a
fast rise at the moment when the EM signal reaches the
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Figure 1. Experimental setup during the campaign. The focused laser pulse irradiated the solid target, tilted by 7◦ with respect to the laser axis. Electron
and γ-ray diagnostics were placed in the laser forward direction, whereas the EMP field probe was placed at about 80◦ from the laser axis at a distance of
123 cm from the interaction point. The ions accelerated by the interaction were detected by means of a diamond TOF diagnostic that was elevated above the
Teflon (90◦ from the laser axis, 152 cm away from the target). The photograph shows the D-dot probe used in the experiment.

Figure 2. (a) Time domain signal retrieved by the D-dot probe for shot #32. The timescale has been adjusted in order to overlap t = 0 with the initial rise
of the main EMP signal. The small signal at t < 0 is likely due to the laser pre-pulse impinging the target. (b) Frequency domain signal, obtained by the
numerical fast Fourier transform of the D-dot time signal. The cut-off at f = 4 GHz is due to the bandwidth limitation of the oscilloscope.

probe, followed by megahertz–gigahertz oscillations with
an exponentially decaying envelope[10,27–30]. It is worth
noting that we used a shifted timescale by setting the
instant t0 = 0 ns at the moment when the rise of the
signal occurs (the EM signal takes the propagation time of
t = dDdot

c ≈ 4.1 ns to reach the probe, from the moment
when the laser–plasma interaction occurs). The numerically
obtained Fourier transform of the signal, reported in
Figure 2(b), is also compatible with the classical EMP
frequency range: a broadband spectrum covering the
megahertz–gigahertz range (note that the abrupt cut-off at
4 GHz is due to the oscilloscope bandwidth limitation). In
terms of the signal-to-noise ratio, the retrieved signal had

an SNR > 10 up to about t = 300 ns. This was achieved by
estimating the noise level, so the amplitude of the detected
signal, before the rise of the main EMP signal, that is, for
t < −50 ns in Figure 2(a), resulting Vnoise ≈ 0.04 V. Hence,
from these measurements we chose to reconstruct the electric
field, as explained in the following, up to this time value, in
order to ensure a high accuracy of our obtained field.

The temporal evolution of the electric field needs to
be reconstructed from the D-dot signal by numerical time
integration[14]:

En(t) = KDDOT

∫ t

0
VDDOT (τ )dτ, (1)
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Figure 3. (a) Electric field (
−→
Ez) as a function of time, reconstructed

from the time signal of the D-dot probe placed between the Teflon and
the external chamber wall. The E-fields for shots # 32 (blue plot) and
#33 (orange plot) are reported. The laser energy was 19.3 and 21.8 J,
respectively. The transient component of the field dominates over the RF
oscillations in both cases. (b) The RF component (ERF) and the transient
component (ET) of shot #32, plotted separately. The signals have been
obtained from the Ez(t) signal of panel (a) by applying a low-pass FIR
filter (for the transient component) and a high-pass FIR filter (for the RF
component).

where VDDOT is the raw time signal of the probe reported in
Figure 2(a) and KDDOT = 9.5×1012 m/s is a proportionality
factor that also includes the attenuation of the balun. The
obtained electric field is reported in Figure 3(a), where we
show the measurements of two consecutive shots of the
campaign (#32 and #33). In shot #32, the field probe had
its sensitive axis oriented along the component

−→
Ez of the

electric field; in particular, the probe signals were positive
for fields pointed towards the chamber wall, as depicted in
Figure 1. In shot #33, the probe was intentionally rotated
by 180◦, with the resulting probe signals being negative for
fields pointing towards the chamber wall. The laser energy
was 19.3 J in shot #32 and 21.8 J in shot #33. The time
evolution of the field indicates that two EMP generation
mechanisms occurred in both shots. The oscillating RF com-
ponent, which modulates the signal, is due to the ‘classical’
EMP generation mechanism, provoked by the neutralization
current flowing through the target holder/structure[8–12]. This
RF component propagated throughout the chamber, reach-
ing the field probe: in both shots, it reached a maximum

amplitude of Emax
RF ≈ 22 kV/m (peak-to-peak value of the fast

oscillations, compatible with the scaling reported in Ref. [6],
specifically with what was measured at LULI 2000 with ps
pulses) at the early times of the signal, that is, right after the
interaction moment. The signal then exponentially decreased
for longer times, coherently with the raw D-dot signal of
Figure 2(a). In particular, in shot #32, 250 ns after the initial
rise at t = 0, the high-frequency oscillations have a peak-
to-peak value of approximately 3 kV/m. The measurements
show that, in both shots, the temporal evolution of the
electric field also exhibits a low-frequency transient growth,
occurring over a much longer timescale compared to the
typical oscillation period of the RF modulation (i.e., over
a temporal lapse of a few hundreds of nanoseconds). The
growth of the transient electric field begins at t = 0 and
reaches at t ≈ 200 ns a maximum value of Emax

T ≈ 58 kV/m
in shot #32, and at t ≈ 140 ns a maximum value of Emax

T ≈
72 kV/m in shot #33. The transient electric field dominates
over the classical RF EMP, being the factor Emax

T /Emax
RF ≈ 3

in both shots. This behavior, which is consistent with what is
reported by Consoli et al.[14], is stressed by the visualization
of Figure 3(b), where the RF component ERF(t) and the
quasi-static transient component ET(t) of shot #32 are plotted
separately. These signals have been obtained by numeri-
cal filtering of the Ez(t) signal of Figure 3(a). The blue
plot of Figure 3(b) has been obtained by applying a high-
pass finite impulse response (FIR) filter (cut-off frequency
fc = 100 MHz, order N = 200). The red plot has been
obtained by applying a low-pass FIR filter (cut-off frequency
fc = 100 MHz, order N = 287). The presence of a strong
quasi-static component of the electric field (i.e., the transient
component ET), as we will discuss more specifically in the
following, is due to the interplay of particle wakefield effects
from particles stemming out of the laser-irradiated target
and charge deposition on the Teflon wall that was placed
in front of the field probe. The sign of the retrieved field,
that is, a positive field in shot #32 where the D-dot sensitive
axis was oriented towards the external chamber wall and a
negative field in shot #33 where the probe was intentionally
overturned by 180◦, indicates that the main contribution is
due to positively charged particles. The Teflon surface acts,
in combination with the external chamber wall, as an open
capacitor structure where positive charge is deposited: the
resulting electric field has its main component along the
z direction (see the coordinate system of Figure 1) and is
detected by the D-dot as positive (shot #32) or negative (shot
#33, with inverted probe), depending on the orientation of
the probe. This model is visually represented by the sketch
in Figure 4(a).

The presence of accelerated protons (from kiloelectron-
volt energy up to multiple megaelectronvolts) and ions, in
both laser forward and backward directions, having a broad
angular distribution especially for the low-energy part of
the spectrum, is compatible with the acceleration regimes
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Figure 4. (a) Schematic sketch of the charge accumulation effect that occurs on the frontal face of the Teflon. The accelerated protons generate a positive
quasi-static charge on the Teflon that, in combination with the chamber wall, acts as a capacitor plate, generating the measured field. (b) Typical proton
spectrum obtained during the experimental campaign at 90◦ from the laser axis, that is, behind the D-dot probe. (c) Top: the temporal evolution of

−→
Ez (shot

#32) divided into temporal intervals that are associated with the proton populations that were routinely accelerated during the experiment. Below: the TOF
signal obtained with the diamond detector placed behind the D-dot. (d) Top: the temporal evolution of

−→
Ez (shot #33) divided into temporal intervals that

are associated with the proton populations that were routinely accelerated during the experiment. Below: the TOF signal obtained with a diamond detector
placed behind the D-dot.

that are typical at laser intensities of I > 1018 W/cm2[31–35].
Specifically in our case, ions that travel towards the Teflon
and the D-dot are clearly observed in the measurements
performed with the diamond TOF detector that was placed
behind the field probe (see the setup sketch in Figure 1).
We placed this diagnostic behind the field probe in order
to obtain a reliable estimate of the accelerated particles in
proximity of the D-dot. In Figure 4, we discuss the temporal
evolution of shots #32 and #33 by comparing the timescale
of the transient electric fields (top plots of Figures 4(c) and
4(d), respectively, for #32 and #33) with the TOF signal
from the diamond detector (bottom plots of Figures 4(c) and
4(d)) and the retrieved spectrum (Figure 4(b)). The spectrum

represents the case where proton populations (but not other
ion species) – accelerated by the laser–plasma interaction –
generate the TOF signal. The diamond detector was placed
along a direction close to the D-dot (see Figure 1). In the case
of shot #32, for the time lapse that we indicated with (a) in
Figure 4(c), that is, for time from t = 0 to t ≈ 40 ns, the rise of
the electric field can be due to one or both of the following:
(i) ionizing EM radiation emitted from the target (e.g., UV-
and X-rays) that interacts with the Teflon wall and that
ionizes its frontal surface, leaving a positive net charge that
generates the electric field with

−→
E z as the main component,

directed towards the external chamber wall; (ii) the accel-
erated particles emitted from the target travel towards the
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probe, carrying a ion wakefield that is sensed by the D-dot
and grows larger when the particles get closer. For the latter,
the positive sign of the electric field indicates that the main
contribution is due to a positive net charge associated with
the ion bunch. For the time interval (b), that is, from t ≈ 40 ns
to t ≈ 80 ns, it is possible to make a direct comparison with
the typical TOF signal obtained with the diamond detector
placed behind the D-dot (bottom plot of Figure 4(c)). In
order to compare this signal with the temporal evolution of
the electric field (top plot of Figure 4(c)), we normalized
the timescale of this figure by the factor dT/dD: by doing
so, the time values of the TOF signal consider the distance
from the interaction point to the Teflon. Thus, ions propagate
towards the field probe and collide with the Teflon wall at
dT = 95 cm distance from the interaction point. At t = 0 the
photo-peak, which is due to ionizing radiation reaching the
detector, is recognizable and can be used as a reference time
for the laser–plasma interaction moment (for this signal, the
timescale is shifted by = dD

c ≈ 5 ns). From the photo-peak
up to t = 40 ns there is no presence of an ion signal. Thus,
the field growth of the time span (a) cannot be associated
with particle deposition on Teflon, but instead is due to ion
wakefield effects. Then, in the time span between t = 40 ns
and t = 80 ns, ion populations are visible: the peak around
t ≈ 50 ns corresponds to megaelectronvolt protons, while the
later peaks are likely generated by both lower energy proton
populations and heavy ions. The time interval (b) of the EMP
field signal overlaps with the peaks of the TOF signal (where
multiple ion populations are visible). This indicates that the
electric field growth of shot #32, during the time span (b),
is likely due to a combination of ion wakefield effects and
charge accumulation on the Teflon. Indeed, the slope of the
electric field is higher in this time interval. In Figure 4(b)
we report the ion spectrum obtained from the TOF signal, in
the scenario where this is entirely generated by protons[26,36].
The accelerated protons that propagate in direction of the D-
dot routinely have energies up to a few megaelectronvolts. In
the specific case that we report here, the maximum energy of
2.5 MeV corresponds to a TOF of approximately 40 ns from
the interaction point to the position of the Teflon wall. The
protons with the lowest energy that were detected, that is,
0.8 MeV, take approximately 80 ns to travel from the target
to the Teflon. By applying this methodology to the time
interval (c), which lasts up to t = 200 ns, we obtain protons
with energies between 0.8 and 0.1 MeV (or heavier and more
energetic ions with the same velocity) that are responsible for
this final rise of the electric field. As in the most common
laser-driven ion acceleration mechanisms (e.g., the target
normal sheath acceleration (TNSA)[1]), these were certainly
present, but were not detected by the diamond sensor, since
it was shielded with an Al foil giving an artificial cut to these
low-energy particles. The last time interval (d), that is, for t >
200 ns, corresponds to protons and other ions with energies
below 100 keV/amu. The electric field does not grow in this

time interval but rather keeps a quasi-static amplitude. As
for the previous time spans, a part of the accelerated ions
accumulates on the Teflon, which leads to the static field that
was detected by the field probe. This phenomenon is further
confirmed by the simulations that will be discussed in the
following section.

The electric field temporal evolution retrieved from shot
#33 and reported in Figure 4(d) is qualitatively similar to
the previous case: two main rising edges of the electric
field are recognizable. The first slope, in the time span
indicated with (a) in the top plot of Figure 4(d), up to
t ≈ 55 ns, can be attributed to ionization effects (by X-rays
and/or electrons) and ion wakefield effects. A distinct second
rising edge of the field is indicated with (b) and overlaps
with the TOF signal portion where the ions are present. This
indicates that during the time span (b), the field rise is due to
the combination of both ion wakefield effects and positive
charges accumulating on the Teflon. This second slope
culminates at t ≈ 140 ns: it is compatible with protons having
energies down to approximately 220 keV and/or heavy ions
having velocities down to β = v/c ≈ 0.02. These are not visi-
ble in the TOF signal due to the aluminum protection foil that
covered the diamond sensor. In the case of shot #33, the peak
value of the electric field is not maintained for longer times
(as was the case for shot #32) and the electric field decreases
slowly and gradually. The field at long times is due to two
main factors. On one side, there is the low-energy quasi-
neutral incoming ion population, surrounded by accom-
panying electrons. The actual overall net charge of this
population is well-known, and can change on a shot-to-shot
basis. On the other side, there is the cloud of low-energy
electrons surrounding the Teflon, mostly due to secondary
electron emission from the Teflon itself, that are attracted
and recombine on the positively charged plastic brick.

In Figure 5 we compare the electric fields of shots #32 and
#33 with two additional shots where the component Ez was
measured under very similar conditions. The only difference
from the setup that we considered so far is the type of target
that was used for shots #28 and #31 (red and green plots of
Figure 5, respectively). In shot #28, a CHO foam target was
used (2 mg/cc density, 350 μm thickness) with no metallic
converter. In shot #31, we used a 2 mm thick Au converter
covered with the same foam type of the other shots (CHO,
2 mg/cc density, 350 μm thickness). The electric fields Ez of
shots #28 and #31 also feature a fast-oscillating component
ERF and a transient component ET in the tens of kV/m range.
For these four shots, the laser energy, target type and the
values for Emax

RF and Emax
T are summarized in Table 1. In shot

#28 (red plot), the RF component has a maximum amplitude
Emax

RF ≈ 31 kV/m significantly higher than in the other shots.
This is the case (among these four shots) where the ratio
Emax

T /Emax
RF ≈ 1.6 has the lowest value. This is compatible

with what is reported by Rosmej et al.[25]. The use of foam
targets without a metallic converter leads to a high flux of
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Table 1. Laser energy, employed target type and EMP electric field characteristics of shots #28, #31, #32 and #33.

Shot Laser energy [J] Target Emax
RF [kV/m] Emax

T [kV/m]
#28 23.8 CHO foam (2 mg/cc, 350 μm) 31 49
#31 19.1 CHO foam (2 mg/cc, 350 μm) + Au converter (2 mm) 21 47
#32 19.3 CHO foam (2 mg/cc, 350 μm) + Au converter (1 mm) 22 58
#33 21.8 CHO foam (2 mg/cc, 350 μm) + Au converter (1 mm) 19 72

Figure 5. Comparison between the Ez field, measured during different
shots. The field of #31 and #33 (i.e., the shots where the D-dot was rotated)
is multiplied by –1 in order to obtain the same field orientation for all shots.

accelerated electrons, which drive the classical RF EMP
generation mechanism[8–12]. On the other side, the absence of
a metallic target likely diminishes the quantity of accelerated
ions, leading to a lower transient field ET compared to the
amplitude of the RF component ERF. Shot #31 (green plot)
has a similar behavior with respect to the previously analyzed
shots, #32 and #33. However, the transient field amplitude
Emax

T ≈ 47 kV/m is lower than that of shots #32 and #33.
This is likely due to the thicker target used for the shot
(2 mm). Moreover, the lower laser energy of the shot #31
assumably led to a lower charge of accelerated ions. This
indicates that more energetic laser pulses produce a larger
growth of the transient electric field and that using a thinner
target improves the growth of the transient component ET.
Indeed, the highest values of ET were obtained in shot #33,
where a 1 mm Au converter was used and the highest laser
energy was reached, among the shots where the foam and
converter target type was used.

Figure 6. Schematic view of the particle-in-cell simulations. The simpli-
fied model includes the external chamber wall behind the field probe (the
orange circle) and the Teflon wall (having dimensions 30 cm × 30 cm ×
10 cm, height × width × thickness). The particle emission point (the red
circle) is placed at the left-hand limit of the simulation box. The particles
propagate from left to right, that is, in the z-direction.

3. Numerical simulations

In order to confirm the mechanism that leads to the pres-
ence of the dominating transient component of shots #32
and #33, we performed 3D PIC simulations (coupled with
a full EM solver) with the commercial code suite CST
Particle Studio�. In Figure 6 we show the 3D simulation
setup, which is a simplified model of the vacuum chamber
including the external wall (modeled with a stainless steel
flat surface, 3 cm thickness), the Teflon wall placed on the
floor of the chamber (modeled with a right-angular volume
of Teflon material having dimensions 30 cm × 30 cm ×
10 cm) and the emission point from which the particles
were accelerated during the shots. The field probe (i.e., the
point where we monitored the electric field computed by
the simulations) was placed behind the Teflon wall and the
particle emission point was placed on the left extreme of
the simulation box. The distance between the probe and the
emission point was 120 cm. Taking the reported coordinate
system as reference, the particles propagate along the z-
direction and are homogeneously emitted within a cone of
50◦. The particles fully irradiate the Teflon: a portion of them
intercepts the Teflon and another part drifts by the Teflon.
We chose this last parameter for simulating a particle cloud
that stems out of the target and fully irradiates the Teflon
wall. In the real case scenario of a laser target interaction –
at the intensity level of our experiment – the emitted low-
energy particles (both electrons and protons) have a much
wider emission cone. Slow ion species and protons can have
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large emission angles[14,34,35,37], up to 90◦ from the laser
axis in our experiment, as retrieved by the diamond TOF
diagnostics. However, our modeling aims at simulating only
the low-energy particles that interact with the Teflon and
the field probe: limiting the simulated particles to those that
propagate in the direction of the probe leads to simplified
simulations (easier to interpretate) and to a number of
macroparticles (i.e., a numerical representation of a cluster
of neighboring physical particles) that are affordable from
a computational burden point of view. Moreover, in order
to avoid strong artificial space-charge effects and further
decrease the computation burden, these simulations were
performed using reduced values for the cumulative charge of
the particle populations, compared to the real case scenario.
Nevertheless, our simplified model was found to be suitable
to give a proper phenomenological representation of the
temporal evolution of the electric fields that were observed
experimentally.

In terms of energy, in the regime that we are discussing,
multiple electron and ion species are typically accelerated,
in both laser forward and backward directions, up to mul-
tiple tens of MeV[1]. In this basic model, where the goal
was to study the main contribution to the generation of
the quasi-static electric field, we simulated different slow
ion populations with energies that are compatible with the
spectrum reported in Figure 4(b) and only kiloelectronvolt-
energy electrons, for both shots. Ionizing radiation was not
included since it can hardly be implemented in our type of
simulations. Moreover, the ionization of the Teflon or the
field probe due to γ-, X- or UV-rays would occur a few ns
after the laser–plasma interaction, resulting in field spikes or
‘bumps’ sensed by the D-dot. These are not evident in the
experimental measures and, thus, neglectable. Electrons in
the MeV range, even if certainly generated from the laser–
plasma interaction, were neglected. These would interact
with our field probe in the first moments after the laser–
plasma interaction, but there is no indication of a negative

field contribution in the experimental results at times close
to t = 0. Electrons in the kiloelectronvolt range, in contrast,
interact with the Teflon and the field probe at later times
(up to tens of nanoseconds after the laser–plasma interac-
tion). They partially neutralize the positive ion cloud that
approaches the probe and they can induce secondary electron
emission[38] (which is included in the simulations) when they
interact with the Teflon. Concerning the protons, we chose
to simulate energies up to approximately 3 MeV, accord-
ing to the measured spectrum obtained from the diamond
detector placed behind the D-dot. Any possible protons
with energies E > 3 MeV, coming at a slightly different
angle, would interact with the Teflon and the field probe
at times t < 40 ns. Since the classical spectrum of laser-
accelerated ions (for instance, by the TNSA mechanism) is
rapidly decreasing with energy, it is expected that they will
produce minor contributions to the electric field, with respect
to slower protons. Moreover, wakefield effects and charge
accumulation by these particles would have an impact on the
time signal of the electric field only at the very beginning
of the simulation, that is, when the ERF component of the
field is heavily affecting and somehow dominant over the
transient component ET. Hence, any possible effect caused
by high-energy protons is expected to be covered by the
RF oscillation of the EMP signal. For these reasons, in our
simulations we considered protons with a maximum energy
of approximately 3 MeV to model the phenomena of ion
wakefield and charge accumulation. Our model, although
representing a simplified scenario, proved to be suitable for
reaching our goal of reproducing a qualitative, phenomeno-
logical picture of the experiment. The energy distributions
of the particle beams, which have a uniform energy spread
in all cases, were optimized for obtaining the best possible
fit with the temporal evolution of the electric field. The
energies of the simulated particles are summarized in Table
1 and the simulated fits are reported in Figure 7, for both
shots. In Figure 7, we used normalized field values for better

Figure 7. Comparison between the temporal evolution of the experimental electric field and the simulation results (black line) for shot #32 (a) and shot #33
(b). The timescale of the simulations, similarly as we did for the experimental field, was adjusted in order to superimpose t = 0 and the instant when the
electric signal reaches the field probe.
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Table 2. Particle populations implemented in the PIC simulations of shots #32 and #33. The energy distributions have a uniform spread
�E/E0 in all cases.

Shot #32 (0.2 nC electrons, 1.3 nC protons) Shot #33 (0.3 nC electrons, 1.65 nC protons)
Electrons E0 = 5 keV, �E/E0 = 60% E0 = 5 keV, �E/E0 = 60%
Protons E0 = 2.4 MeV, �E/E0 = 60%, 0.1 nC E0 = 2.9 MeV, �E/E0 = 60%, 0.3 nC

E0 = 600 keV, �E/E0 = 100%, 0.35 nC E0 = 210 keV, �E/E0 = 100%, 1.35 nC
E0 = 100 keV, �E/E0 = 140%, 0.85 nC

comparing the experimental results with the simulated fits
(obtained, as mentioned, with reduced charge values). For
both shots, we simulated one electron population with a
mean energy of E0 = 5 keV (with simulated beam charges of
0.2 and 0.3 nC for shots #32 and #33, respectively). However,
in both simulations, the main contribution to the growth of
the transient electric field is due to the proton populations,
modeled with a cumulative charge of 1.3 nC for shot #32
and 1.65 nC for shot #33. These values were obtained by
reducing the proton charge obtained experimentally by a
factor of approximately 100. As mentioned before, in order to
avoid strong space-charge effects and make the simulations
affordable from a computational point of view, the electron
and – as a consequence – the proton charge were scaled. The
final values (reported in Table 2) were then obtained with an
iterative process of optimization, leading to the optimal fit of
the measured electric field. In shot #32, the first population
having a mean energy of E0 = 2.4 MeV generates the initial
gradient (up to t = 40 ns) and the initial charging of the
Teflon plate (which is indicated by the plateau at t = 50 ns).
Then a second proton population with mean energy E0 =
600 keV approaches the Teflon wall, generating the field
increase from t = 60 ns to t = 90 ns. The electric field is
finally increased to its maximum peak and kept at a quasi-
static value (from t = 200 ns to the end of the simulation) by
a slow proton tail, which is modeled with a population with
E0 = 100 keV.

The simulation we ran for shot #33 (for which we changed
the sign of the measured field, thus recovering the field
inversion due to the 180◦ probe rotation, in order to better
compare it with the simulation result) indicates a similar
behavior, as reported in Figure 7(b). Here we implemented
two different proton populations. The first proton population
has a mean energy of E0 = 2.9 MeV, causing the transient
field rise in the first tens of ns of the simulation. The second
proton population has a mean energy of E0 = 210 keV, which
increased the field to its peak value at t = 140 ns. For this
shot, the best fit was obtained without including the slow
proton tail below 100 keV.

In both shots, protons are accumulated on the frontal face
of the Teflon wall, which behaves as the plate collector
of a capacitor structure: the field maps that are reported
inFigure 8 confirm this phenomenon. We report the spatial
distribution of the Ez field component at three different times
of the simulations. By analyzing the field component Ez (i.e.,

the actual field contribution that we measured experimen-
tally) it is possible to differentiate between charge accumu-
lation effects and ion wakefield effects. The snapshots of
Figures 8(a) and 8(d) (taken at t = 30 ns of the simulations)
indicate that the initial rise of the electric field can be
modeled only as due to ion wakefield effects. The field is
concentrated around the drifting particles that travel towards
the probe and is mainly located in the space region between
the emission point and the Teflon. Both ion wakefields due
to the MeV proton population (faster particles, electric field
region closer to the D-dot) and the keV proton population
(slower particles, electric field region closer to the emission
point) are clearly recognizable (the approximate positions of
the centers of the particle bunches are indicated by black
dashed circles). Figures 8(b) and 8(e) show the field maps
at t = 140 ns, that is, at the moment where the electric field
of shot #33 reaches its maximum. In the case of #33, the
peak of the electric field is at the moment where the second
proton population reaches the Teflon and is closest to the
D-dot. The ion wakefield is at its maximum amplitude and,
simultaneously, the particles accumulate on the Teflon: we
have a superimposition of these two effects. In Figure 8(e)
this is well recognizable: the electric field distribution at the
frontal surface of the Teflon is due to charge accumulation.
Simultaneously, the ion wakefield, coming from particles
that are still traveling towards the Teflon, is still present
(recognizable from the negative field, in blue, in the region
between the emission point and the probe). The same behav-
ior at t = 140 ns is observed in the simulation of shot #32
(Figure 8(b)), although here the maximum field amplitude is
not reached yet (see the temporal evolution in Figure 7(a)).
Figures 8(c) and 8(f) show the

−→
E z field at the end of the sim-

ulations (t = 290 ns). In the case of shot #32, where a slow
proton tail around E0 = 100 keV was present, almost all the
particles have passed the position of the field probe and only
a small number, with E < 50 keV, are still drifting towards
it. However, in the snapshot image in Figure 7(c) there is no
indication of significant ion wakefield effects from remain-
ing, propagating particles (i.e., a wakefield concentrated in
the space between the emission point and the Teflon) and the
spatial distribution of Ez shows that the main contribution to
the field is from charge accumulation. The positive charging
leads to a field that is concentrated at the Teflon frontal face,
that is, the side that was irradiated by the particle where a
superficial charge distribution accumulates, as is typical of
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Figure 8. Field maps of the
−→
Ez component, retrieved from the PIC simulation of shots #32 and #33, at the instants t =30 ns ((a) and (d)), t = 140 ns ((b) and

(e)) and t = 290 ns ((c) and (f)). The x–z plane that we report is the same as the position of the field probe (indicated by the black dot), that is, y = –10 cm,
with respect to the height of the particle emission point (at y = 0). The black square indicates the shape of the Teflon.

a capacitor plate. This leads to a field having a quasi-static
amplitude over several tens of ns (see the temporal evolution
in Figure 7(a) for t > 200 ns). In shot #33 (Figure 8(f)) we
have a similar behavior, but the slow proton population (with
energies below 100 keV) was not included here, in order to
obtain the best possible fit. In this case, the decrease of the
field is faster, compared to shot #32, and is due to the atten-
uation of the wakefield effects: the proton cloud gradually
passes by the Teflon and D-dot positions and only the ions
that collided with the Teflon contribute to the quasi-static
field. This is visible from the field map in Figure 8(f), as the
field is concentrated at the frontal surface of the Teflon.

4. Details of the experimental and numerical techniques

4.1. D-dot electric field probe measurements and cable
calibration

We used a customized version of the AD-80D(R) D-dot field
sensor[22] (having a 3-dB-bandwidth cut-off at 5.5 GHz),
which we placed between the Teflon and the external metallic

wall of the vacuum chamber (see Figure 1). The sensitive
components of the probe had no direct line of sight to the
interaction point (due to the shielding by the Teflon) in
order to avoid direct exposure to particles and ionizing
EM radiation emitted from the plasma, which – in the
case of conductive probes – may result in measurement
artifacts and spurious currents on the sensor[13,39]. With
respect to the target, it had a distance of 125 cm and was
fully covered by the Teflon. Setting the target at the origin
of the coordinate system (x,y,z) of Figure 1, the probe
was placed at coordinates (21.5,−12,122.5 cm) and the
positive direction, normal to its ground plane, was along the
z-direction. The dual structure of the sensor and the
BIB-100G balun (250 kHz–10 GHz bandwidth) rejected
common-mode disturbance effects by more than 28 dB
for frequencies up to 6 GHz, and even higher at lower
frequencies (i.e., more than 40 dB up to 200 MHz)[22]. A
double-shielded cable, approximately 10 m long, connected
the probe to a Lecroy WP 735Zi (4 GHz bandwidth)
oscilloscope with a 20 GS/s acquisition rate, which was
placed inside a Faraday cage at a distance of several meters
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from the interaction chamber. Moreover, we measured the
background signal using the same connection chain between
the balun (terminated with a 50 � resistance on the vacuum
side) and another channel of the same scope. We took these
precautions since inside-chamber EMP measurements with
conductive probes are known to be extremely delicate when
using high-power ps lasers[20,39]. Still, we ensured that the
noise level of our measurements was significantly lower (by
a factor ≥10) than the actual signal level. We characterized
the attenuation factor of the cable connection with a vector
network analyzer Agilent N5230A (10 MHz–20 GHz)
and determined its complex transfer function AC( f ). This
allowed us to deconvolve the VDDOT (t) time signal as
follows[14]:

VDDOT(t) = F−1 {
A−1

C ( f )· {F(VDDOT(t)}( f )
}
(t), (2)

where F and F−1 are the Fourier transform and inverse
Fourier transform operators, respectively.

The field signals of Figure 3(a) exhibit an almost sym-
metrical change of sign between the two consecutive shots,
when the probe was rotated, indicating that the transient
growth of the electric field cannot be due to a failure or
systematic error of the probe measurement or the numerical
field reconstruction.

4.2. TOF proton spectrum measurements using a diamond
detector

The TOF measurements were carried out by means of a
single crystal chemical vapor deposition diamond detector,
having a thickness of 50 μm and interdigited electrodes[40].
Given the expected high level of produced EMPs, the setup
of the diagnostic and the acquisition system were done
following the procedures described in Refs. [26, 41]. The
diamond sensor was enclosed in an ad hoc holder, optimized
for shielding the detector from the EMP signal. Moreover,
the TOF line extension (see Figure 1) was done using a
40 mm diameter aluminum pipe that acted as a waveguide,
providing a cut-off frequency under which no EM waves can
propagate towards the detector and attenuating those with
higher frequencies. We connected the detector to a Lecroy
HDO 8108 scope (1 GHz bandwidth, 10 GS/s sampling
rate), using double-shielded cables more than 15 m long.
These allowed one to place the scope far from the interaction
chamber, exploiting the natural decrease of the EMP signal
with distance, and provided a temporal separation between
the EMP contribution (traveling in air) and the ion signal
transmitted through the cables. Moreover, the cables acted
as low-pass filter, due to their frequency-dependent response,
providing further attenuation for the EMPs possibly affecting
the signal. This procedure allowed one to acquire signals
characterized by a high dynamic range and remarkable

signal-to-noise ratio, as shown in Figures 4(c) and 4(d),
granting an accurate spectrum reconstruction. Since the ion
energies typically achieved in laser–plasma experiments are
well below the relativistic limit, the energy of the particles
generating the signal can be retrieved by using Ei ≈ 1

2 miv2
i .

The number of particles impinging onto the detector was
evaluated by[26]

Ni = Qcεg

qe

1
Ei CCE

, (3)

where qe is the electronic charge, and the radiation-
ionization energy, εg, is the average energy needed to create
a free electron-hole pair inside the detector; in the case of
diamond detectors, εg = 13.1 eV[42]. Here, CCE is the charge
collection efficiency of the detector and Qc is the amount
of collected charge that can be estimated by performing a
numerical integration of the detected signal V(t)[26]:

Qc = A
R

∫ tf

ti

V(t) dt, (4)

where R is the impedance of the acquiring system and A
its attenuation. The time step to perform the integration
is determined by the temporal resolution of the detection
system, which is strongly dependent on the time response
of the detector in use.

4.3. Particle-in-cell simulations

For the numerical study we used the CST Particle Studio�
code. The EM fields are calculated with the finite integration
technique[43], applied to the integral form of Maxwell’s equa-
tions in the time domain. Space-charge, secondary electron
emission (according to the Furman model[38]) and superficial
charge deposition were considered in the simulations. The
time profile of all simulated particle species was Gaussian-

like, of the type e− t2

2τ2 , with the peak emission at the
beginning of the simulation at t = 0 and a τ = 0.25 ns
inflection point with respect to the maximum. The emission
is then forced to zero at t = 0.5 ns. The particles are
emitted from a circular surface of 1 mm radius on the
x–y plane. The time step that ensured accurate and conver-
gent simulation results was �t = 37.5 ps. Since we were
interested in simulating the temporal evolution of the tran-
sient field (and not the high-frequency component), we set a
maximum frequency of 0.5 GHz for the algorithm of λ-based
adaptive mesh refinement, leading to about 1.4 million mesh
cells (the smallest spatial step was about 1.5 mm and the
largest step about 13 mm). With these simulations we did not
aim at reproducing the precise features of the electric fields
inside the vacuum chamber, including the exact amplitude,
the high-frequency oscillations and the temporal evolution.
These cannot be obtained by using a simplified model such
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as the one we presented in this work. A modeling of the
acceleration process, including ionizing radiation emission
and an extensive representation of the objects inside the
chamber, would be necessary for more accurate results,
leading, however, to unsustainable computing efforts. This
is beyond the purposes of this work. Nevertheless, our
model was able to give a reasonable phenomenological rep-
resentation of the transient electric fields that we observed
experimentally, which, in our opinion, is sufficient for the
scope of the present paper.

5. Conclusions

In this work we analyzed the electric field of the EMP signals
generated by the laser–solid interaction at the PHELIX laser
facility. The temporal evolution of the obtained electric
field indicates two main EMP generation mechanisms. The
electric field features an RF component that is generated by
the neutralization current flowing in the target structure and
represents the ‘classical’, most well-known, EMP compo-
nent[8–12]. However, here we clearly observe that the EMP
mechanism that generates the maximum amplitude of the
measured electric field is due to the combination of the
wakefield of particles (mainly ions) accelerated from the
laser-irradiated target and fields due to their accumulation
on the frontal face of the Teflon wall, placed in front of the
E-field probe.

The accelerated ions carry wakefields, which are sensed
by the D-dot probe, before they reach the Teflon, leading
to the immediate increase of the longitudinal electric field;
they are then accumulated on the Teflon wall, leading to
a residual quasi-static field. This object acts as a capacitor
structure, where an intense electric field is established. The
comparison of this RF component with the quasi-static one
shows that the latter is up to a factor of approximately three
times more intense than the first (considering the peak-
to-peak amplitude of the RF oscillations). This confirms
what has already been observed in experiments at Vulcan
Petawatt, at different energies and intensities and with a
different experimental setup[14], showing that this second
source of EMPs can produce remarkable field intensities over
a broad range of laser–matter interaction regimes.

This provides useful indications concerning the estimation
and the understanding of these fields, which is of high
importance for possible mitigation techniques. It is thus very
clear that the issue of EMPs needs to be addressed even at
large distances from the interaction point: in our case, an
electric field of the order of tens of kV/m was measured at a
distance of more than 1 m from the target.

This scheme of charge accumulation, leading to high
fields, indicates that the shielding of electronic devices inside
the interaction chamber must be designed with accuracy.
Dielectric shielding can lead to high fields due to charge
accumulation, as we show in this paper, and metallic shield-

ing needs to be equipped with a proper ground connection,
in order to ease the discharge of impinging charged particles.
On the other hand, these transient quasi-static electric fields
of high amplitude, with rise times of the order of tens of
nanoseconds and extended spatial distribution, can be poten-
tially implemented for promising applications to several
scenarios, such as medical and biological studies[44], studies
on material science[45], generation of terahertz radiation[46]

and EM compatibility studies[47].
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