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Mitigation of strong electromagnetic pulses on the LMJ-PETAL facility
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Electromagnetic pulses (EMP) present a serious threat for operation of high-power, high-energy laser facilities.
Here, we present an efficient strategy for EMP mitigation with a resistive and inductive holder, which is supported
by extended numerical simulations and validated in dedicated experiments at the kilojoule/picosecond (kJ/ps)
Petawatt Aquitaine Laser (PETAL) facility. Moreover, we demonstrate how a combination of PETAL with the
tens of kJ/ns Laser MegaJoule (LMJ) beams may suppress the EMP emission. This method opens another
efficient way for the EMP control on high-power, high-energy laser facilities.
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I. INTRODUCTION

LMJ-PETAL [1] is a large-scale laser facility which com-
bines high-energy nanosecond laser beams and a high-power
picosecond beam. The LMJ beams [2,3] have energies of
several kilojoules each and pulses of several nanoseconds (in
2019, 56 LMJ beams could be focused on target), and the
PETAL beam [4] has an energy of 1 kJ (limited at 400 J
during the 2017–2019 period) and a pulse duration of 0.5 ps.
The PETAL beam is employed in high-energy-density science
experiments as a source of secondary protons or x rays for
target radiography.

The interaction of a petawatt-class laser pulses with solid
targets produces intense electromagnetic fields (EMP) [5–8],
which may exceed 1 MV/m, leading to equipment failures,
diagnostics damage, and spurious signals in detectors. As part
of the PETAL project, we have studied the EMP generation
mechanisms in order to predict their impact on the diagnostics
and security equipment at the LMJ-PETAL facility. A target
charging model [9–11] explains the process of EMP genera-
tion in short-pulse laser-plasma experiments by the discharge
current neutralizing the charge accumulated on the target on a
ns timescale. An intense laser pulse focused on the target sur-
face creates energetic electrons that partially escape and leave
a positive charge on the target. A discharge current is induced
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through the target holder after the end of the laser pulse. The
holder acts as a dipole antenna, creating a strong electromag-
netic signal. A multiphysics and multiscale simulation chain
has been developed [9] and validated in several experimental
campaigns on different laser facilities. The core of the sim-
ulation chain is the SOPHIE code [12], a three-dimensional,
particle-in-cell (PIC) code, which solves in a self-consistent
manner Maxwell equations for the electromagnetic field and
dynamic equations for the relativistic charged particles in the
vacuum chamber with appropriate boundary conditions.

II. EMP MITIGATION STRATEGY

In the present paper, we describe a mitigation strategy de-
veloped for safe PETAL operation, alone and in combination
with a multi-kJ ns laser facility LMJ. It is demonstrated that
by controlling the target holder impedance, one can reduce
the intensity of the EMP by an order of magnitude. Moreover,
a joint operation of PETAL and LMJ offers an unexpected
possibility of efficient suppression of EMP by appropriate
timing of ps and ns laser pulses.

Protection of a laser facility such as the LMJ-PETAL from
giant EMPs implies that the level of electromagnetic field
at the position of equipment is lower than the susceptibil-
ity threshold. Its value varies from 1 kV/m for electronics
to 5 kV/m for industrial automates and to 25 kV/m for
electro-mechanical devices. These values are deduced from
experimental studies conducted with a high-field pulsed gen-
erator. The protection strategy is based on a dual approach:
shielding the vulnerable devices and mitigation of the EMP
emission. For exceptionally high EMPs, the required attenua-
tion could be as high as 70 dB, so that both strategies shielding
and mitigation are necessary.

2643-1564/2020/2(3)/033502(7) 033502-1 Published by the American Physical Society

https://orcid.org/0000-0002-6644-0389
https://orcid.org/0000-0003-2968-439X
https://orcid.org/0000-0003-2176-1389
https://orcid.org/0000-0001-7532-5879
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.2.033502&domain=pdf&date_stamp=2020-09-28
https://doi.org/10.1103/PhysRevResearch.2.033502
https://creativecommons.org/licenses/by/4.0/


M. BARDON et al. PHYSICAL REVIEW RESEARCH 2, 033502 (2020)

FIG. 1. Photo of the new target holder for mitigation of the EMP
emission. The target holder is horizontally oriented in the chamber.
The whole length of this holder is 18 cm.

The main idea of the mitigation strategy consists in in-
hibition of EMP emission by suppressing the return current
through the target holder. A new target holder [13] was de-
signed with the help of numerical simulations, fabricated, and
tested. It is composed of a glass capillary with a resistive gel
inside. The resistance between the two ends of the capillary
is about 5–10 k�. It is adjusted by addition of NaCl in the
solution. One end of this capillary is attached to the target and
the other end is connected to a conducting cylinder surrounded
by a magnetic material (ferrite), which operates as an external
inductance. The new holder and the target are shown in Fig. 1.
It delays the growth of the return current induced by the target
charge and limits EMP generation. This holder design was
tested at different laser energies ranging from 0.1 J on the
ECLIPSE laser at the Centre Lasers Intenses et applications
(CELIA) [14], followed by 80-J campaign at the LULI2000
facility [15] and the first PETAL experiment at 400 J.

III. NEW TARGET HOLDER PERFORMANCE TEST
ON THE LULI2000 FACILITY

The performance of the new resistive target holder in
the experiment on the LULI2000 facility is demonstrated in
Fig. 2. Compared to the reference conducting holder, the
new holder with a resistance of 10 k� reduced the discharge
current by a factor of 30 [Fig. 2(a)] and the amplitude of the
magnetic field detected with B-dot probes by a factor of 3
in the frequency range of 0.5–3 GHz [Figs. 2(b) and 2(c)].
The difference between the mitigation factors of current and

field can be explained as follows. First, the discharge current
was measured at the bottom of target holder, near the ground.
The current intensity near the target is higher because the
magnetic inductance operates over the whole length of the
holder. Second, the target holder is the main source of EMP
but it is not the only one; other processes may also contribute
to the EMP emission.

In the LULI campaign, we have also tested the perfor-
mance of the insulating holder (glass capillary). For the
unfocused shots, where the intensity was about 1018 W/cm2,
we observed a clear reduction of the discharge current and the
radiated magnetic field with both holders [cf. Fig. 3(a)]. But
for the focused shots, where the intensity was greater than
1019 W/cm2, the insulating holder showed a discharge cur-
rent intensity quite similar to the reference conducting holder
[cf. Fig. 3(b)]. No reduction of the radiated magnetic field was
observed either. That means that at high laser intensity shots,
electrical breakdown along the glass capillary surface takes
place, which is not the case for the resistive holder. This ob-
servation motivated us to use in the first PETAL experiments
only a holder with the resistive part in order to reduce the risk
of electrical breakdowns.

IV. RESULTS ON THE LMJ-PETAL FACILITY

The first experimental campaign on PETAL has been con-
ducted with the beam energy varying from 90 to 425 J
at wavelength 1.053 μm and pulse duration varying from
0.6 to 1 ps. The maximum laser intensity was in the range
1018–1019 W/cm2. The laser was focused on the target sur-
face in a spot of about 50-μm-diameter full width at half
maximum (FWHM). Several types of targets were deployed:
mainly 20-μm gold foils for testing ion acceleration but
also thicker targets (up to 2 mm) for alignment or for
x-ray generation and with different materials (tungsten, plas-
tic, aluminium, or copper). The EMP has been measured
in all shots with four Prodyn probes placed at a distance
of 4 m from the target inside the chamber and covering
the frequency range up to 5 GHz: RB50 up to 0.9 GHz
(magnetic horizontal polarization), RB270 up to 2.4 GHz
(magnetic horizontal and vertical polarization), and RB230
up to 5 GHz (magnetic horizontal polarization). An additional

FIG. 2. Results of the LULI campaign: (a) Time dependence of the discharge current in the reference conducting holder (blue solid line)
and in the new resistive holder (green dashed line). (b) Time dependence of the magnetic field measured at a distance of 54 cm from the target
for the reference conducting holder (blue solid line) and for the new holder (green dashed line). (c) Mitigation factor for the magnetic field
obtained with the new holder.
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FIG. 3. Time dependence of the discharge current in the LULI
experiment for low laser intensity (a) and high laser intensity
(b) shots with a reference conducting holder (blue solid line), an
insulating holder (red dashed line), and a resistive 10-k� holder
(green diamonds).

“blind” probe surrounded by a metallic capsule was used to
measure a noise level. A photo of the B-dot mount is shown in
Fig. 4.

The EMP emission inside the LMJ-PETAL experimental
chamber has been simulated with a set of numerical tools
described in Ref. [9]. The last simulation step, which mod-
els the electromagnetic field propagation inside the entire
experimental chamber, is performed with the 3D PIC code
SOPHIE [12] on the CEA/DAM TERA-1000 cluster with
2048 processors. This code solves in a self-consistent way
the Maxwell’s equations for the propagation of electromag-
netic fields in vacuum and in solid materials with realistic
boundary conditions (perfect conductor, dielectric, magnetic
materials) along with the relativistic dynamic equations for
the particle propagation in vacuum. The mesh shown in Fig. 5
is composed of 15 billion cells and 100 million macroparticles
representing hot electrons that are ejected from the target. The

FIG. 4. Photo of B-dots probes (case of horizontal magnetic
polarization) mounted on an diagnostic window in the LMJ target
chamber. The B-dot holder is horizontally oriented in the chamber.

code calculates the discharge current through the target holder
and electromagnetic field at the place of EMP diagnostics at
4 m from the target chamber center (TCC). For PETAL beam
energies varying from 100 to 1000 J, a tantalum 2-mm-thick
target with 10 mm diameter was mounted on a 15-cm-high
standard conducting holder, in order to evaluate a maximum
radiated field.

The results of these PETAL experiments are presented in
Fig. 6 and compared to the simulation results. Only signals
from the RB270 probe are presented here because both po-
larizations are measured and the EMP is maximal in this
frequency range for the electric field horizontal polarization.
The measured peak amplitude of the magnetic field Hm is
converted into the electric field Em by multiplying it by the
vacuum impedance Z0 = 377 �. The far-field approximation
Em = Z0Hm is justified at a distance of 4 m from the EMP
source, which is ten times larger than the characteristic wave-
length. The measurement uncertainty, represented by the error
bars, contains two components. The primary part of about
± 40% corresponds to the shot-to-shot variation; a secondary
part of ± 10% corresponds to the intrinsic uncertainty of the
measurement channel, deduced from the noise level recorded
by the blind probe. Thus, the main source of uncertainty is
the reproducibility of the EMP emission. The latter is due to
poorly controlled laser parameters (spot size, contrast, pulse
duration) and, to a lesser extent, to target parameter variations

FIG. 5. Mesh for numerical simulation of EMP emission in the
PETAL experiment with SOPHIE code. It includes 15 billion cells
distributed in a volume of 550 m3.
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FIG. 6. Electric field maximum amplitude Em of vertical (a) and
horizontal (b) polarization detected in PETAL experiments for dif-
ferent types of holder (diamonds, squares, circles) and obtained in
numerical simulations performed with the code SOPHIE for a refer-
ence conducting holder (black line 1). Three sets of experimental
results are presented: Shots with the reference conducting holder
(black diamonds), shots with the new holder (dark blue circles),
and shots with a dielectric holder (light blue squares). Blue line (2)
shows the simulation results divided by a factor of 3. The signals are
detected with RB270 probes in the frequency range 0.15–2.4 GHz.

(thickness, size, materials). The ± 40% confidence interval
corresponds to twice the experimental standard deviation of
several measurements for similar shots.

Numerical simulations predict that a charge of about 1 μC
is ejected from the target, which is charged to a potential of
about 10 MV for a laser pulse energy of 500 J. The numer-
ical simulation results give a discharge current intensity of
about 10 kA, which leads to an EMP field amplitude of about
100 kV/m at a distance of 4 m from the target. The mea-
sured EMP signal is in good agreement with the simulation
conducted for a standard metallic holder. The vertical elec-
tric component is five times smaller than the horizontal one.
Therefore, the electric field is horizontally polarized, parallel
to the holder orientation. That proves that the target holder,
which acts as an antenna, is the dominant EMP source in the
considered frequency range. The EMP amplitude increases
with the laser energy in a power 0.66. This power law can
be explained as follows. The total number of hot electrons Nh

produced during the laser target-interaction is proportional to
the absorbed laser energy ηElas and inversely proportional to
the hot electron temperature, Nh ∝ ηElas/Th. The hot electrons
temperature in the domain of interest scales as the square
root of the laser intensity [16], while the absorption efficiency
η scales as power 1/4 of the laser intensity [17]. Since in
our experiment the laser intensity is proportional to the laser
energy, a scaling with power law 0.75 is expected, which is
quite close to the measured one.

The new target holder with the EMP mitigation system
reduces the peak electric field by a factor of 3 in the GHz
frequency bandwidth. Figure 6 shows that the performances
of this new holder are quite similar to the dielectric holder. As
said previously, there is, however, a significant difference: in
the latter case a significant electric charge remains for a long
time on target, thus creating a risk of uncontrolled electrical
breakdown. With the new holder, EMP is mitigated without
risk of breakdown. We expect that EMP in a 1-kJ PETAL shot
will be on a level of 60 kV/m, that is, comparable to a 300-J
shot with the reference conducting target holder.

V. JOINT SHOTS

The PETAL beam performance has also been tested in
combined shots with LMJ. PETAL beam of energy of 360 J
at wavelength 1.053 μm and pulse duration of about 0.8 ps
was deployed on a 50-μm-thick gold foil for the proton ra-
diography of a plasma created with four LMJ quadruplets.
The total energy of these four quadruplets is about 40 kJ at
wavelength of 351 nm and 5 ns in duration. They irradiated
two CH discs 250 μm thick and 5 mm in diameter attached
to aluminum support. The distance between the CH disks was
8 mm and the PETAL target was protected by a 1-μm gold
foil placed at a distance of 1 mm. Both targets were placed
on the same target holder, which was equipped with the EMP
mitigation system—a glass capillary filled with a resistive gel
and a ferrite bead. The distance between the two target centers
was 30 mm. The target setup is shown in Fig. 7. The PETAL
beam was delayed with respect to the LMJ beams by 15–27 ns
in order to evaluate the plasma temporal evolution.

Figure 8 presents the raw oscilloscope traces from four
joint shots with a PETAL pulse delay increasing from 15
to 27 ns. The EMP measurements of the peak electric field
in these shots are summarized in Fig. 9 in function of time
delay between the LMJ and PETAL pulses. As the PETAL
energy for these four joint shots varies from 315 to 395 J, a
normalized value called “equivalent electric field” is shown at
the y axis, which is defined as

Eeq = Em(360/Elas )0.66, (1)

where Em is the measured maximum electric field. The power
index 0.66 corresponds to the EMP amplitude scaling with
the laser energy observed in the simulation and also in the
measurement (see Fig. 6). The LMJ energy also varies from
15 to 50 kJ (see boxed values in Fig. 9) but the EMP is
known to be quite insensitive to long pulse laser energy
variations [18].

Unexpectedly, the signals appears to be strongly dependent
on the time delay between the PETAL and LMJ shots (Figs. 8
and 9). For time delays smaller than 20 ns, the EMP due
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FIG. 7. Photo of the target used in the combined LMJ-PETAL
laser shots. The distance between the two targets is 30 mm.

to the PETAL interaction is suppressed, and one observes
only signal originated from the LMJ interaction. Conversely,
for longer delays, the EMP level is quite similar to the one
measured in a PETAL single shot. The mitigation effect is
even stronger than the one achieved with the new holder.

While this phenomenon is not yet understood completely
for the moment, the following explanations can be proposed.
The cumulated intensity of LMJ beams on aluminum tar-
gets in this experiment was about 1014 W/cm2. Strong x-ray
emissions and copious hot electrons with characteristic ener-
gies 20–50 keV have been generated due to the parametric
instabilities. The capacitance of the LMJ target is relatively
large, on the order of a few pF, and a significant number

FIG. 8. Raw signals detected with the RB270 probe in the fre-
quency range 0.15–2.4 GHz at magnetic horizontal polarization.
Four trances are shown for the time delays of 15 ns (pink dash-dotted
line), 19 ns (red dotted line), 22 ns (light blue dashed line), and 27 ns
(dark blue solid line).

FIG. 9. Dependence of the equivalent electric field amplitude
Eeq (RB270 probe, vertical polarization) on the time delay between
LMJ beams and the PETAL beam, for the four joint shots (magenta
circles) with identical targets. The error bars correspond to measure-
ment uncertainties described in the text. The dashed blue line (1)
is the expected electric field level for PETAL-alone shots at 360 J
(shown in Fig. 6) and the dashed black line (2) is the mean electric
field level measured for 20 kJ LMJ-alone shots on the same target.
The energy levels for LMJ beams are presented in boxed values.

of hot electrons ≈1 μC can be ejected while charging the
target positively to potential ≈100 kV. These electrons can
accumulate on the PETAL’s target and charge it negatively.
However, as the energy of these electrons is limited to a max-
imum of a few hundred keV, they can charge PETAL target
only to the same potential as the potential of the LMJ target.
That is much smaller than the 10-MV potential created in
the separate PETAL shots. Correspondingly, it seems unlikely
that the electrons originating from the LMJ target can deposit
a charge comparable to a μC-scale charge produced in the
PETAL shots.

Another possible explanation is related to the x-ray emis-
sion from the LMJ target. A few percent of the LMJ laser
energy is converted in x rays, that is about 1–3 kJ. The x-ray
spectrum measured during this experiment corresponds to a
Planckian distribution with a temperature about 100 eV. This
corresponds to an emission of Nph ≈ 1020 photons. They can
ionize the residual gas (nitrogen) in the target chamber and
vaporize the protective thin gold foil placed near the PETAL
target. The ionization cross section of nitrogen atoms [19]
with 100-eV photons is σph ≈ 10−18 cm2. The ionization frac-
tion ne/nat can be estimated as

ne/nat = 1 − exp(−σphFph ), (2)

where Fph = Nph/4πR2 is the photon flux at a distance R from
the LMJ target. Correspondingly, at 3 cm from the LMJ target,
at the position of the PETAL target, the photon flux is about
1018 cm−2, which gives an ionization fraction of about 50%.
Thus, the plasma environment created with the x-ray emission
may suppress the EMP emission from the PETAL target if
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the electron plasma frequency is larger than the characteristic
frequency of EMP.

These estimates are confirmed by numerical simulations
with the Monte Carlo code PENELOPE [20]: 1020 photons
with thermal spectrum corresponding to a 100-eV temperature
were emitted isotropically from a point-like source in nitrogen
gas. Nitrogen atoms were fully ionized in a sphere of a radius
greater than 3 cm. The residual air pressure in the chamber
in this experiment was 5×10−6 mbar, which corresponds to
a nitrogen atomic density nat ≈ 1×1011 cm−3. For a full ion-
ization, the free electron density at the position of the PETAL
target is expected to be 7 times the nitrogen atomic density,
that is, ne ≈ 7×1011 cm−3, which corresponds to a plasma
frequency of 7.5 GHz. This is sufficient to suppress the EMP
propagation emitted from the PETAL target.

It is not clear for the moment why strong EMP emission
reappears for delays longer than 20 ns. The plasma recombi-
nation time is in a μs timescale. It is much longer than the
observed EMP suppression time, but plasma recombination
might be accelerated by contact with a massive LMJ target
and remnants of the gold film.

Our best hypothesis is that, for delays shorter than plasma
recombination time, the EMP resulting from the PETAL in-
teraction is shielded in the ambient plasma created by x-ray
ionization of the residual air and does not propagate far away.
Conversely, for longer time delays, the LMJ shot memory is
lost and the PETAL target produces the same EMP as when
it is standing alone. Unfortunately, due to limited diagnostics
deployed during these shots, we were not able to validate this
hypothesis. Further experiments and simulations have to be
conducted in order to conclude about the mechanisms of EMP

suppression. If confirmed, this phenomenon opens another ef-
ficient way for EMP control in high-power laser experiments.

VI. CONCLUSION

In conclusion, a LMJ-PETAL target holder has been de-
signed by numerical simulations and validated in short-pulse
laser experiments with energy up to 400 J. A reduction by a
factor of 3 of the radiated electromagnetic field is observed
in a 3-GHz bandwidth. Numerical simulations are in good
agreement with the experiment and confirm that the target
holder is the major EMP source. Moreover, a spectacular
phenomenon is observed in LMJ-PETAL coupling shots. For
time delays smaller than 20 ns, we observe a strong EMP
suppression from the PETAL shot. This phenomenon opens
another efficient way for the EMP control in high-power laser
experiments. It will be further studied in numerical simula-
tions and experiments.
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