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Abstract
Understanding the physics of electromagnetic pulse (EMP) emission and nozzle damage is critical for the long-term
operation of laser experiments with gas targets, particularly at facilities looking to produce stable sources of radiation at
high repetition rates. We present a theoretical model of plasma formation and electrostatic charging when high-power
lasers are focused inside gases. The model can be used to estimate the amplitude of gigahertz EMPs produced by the
laser and the extent of damage to the gas jet nozzle. Looking at a range of laser and target properties relevant to existing
high-power laser systems, we find that EMP fields of tens to hundreds of kV/m can be generated several metres from the
gas jet. Model predictions are compared with measurements of EMPs, plasma formation and nozzle damage from two
experiments on the VEGA-3 laser and one experiment on the Vulcan Petawatt laser.

Keywords: electromagnetic pulse; gas jet; high-power laser; laser plasma

1. Introduction

High-power laser pulses focused into dense gases are used
for the acceleration of charged particles and the generation
of hard X-ray radiation, but these interactions also produce
undesirable secondary effects, such as nozzle damage and
the emission of electromagnetic pulses (EMPs). Laser-driven
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EMPs are produced in the radio-frequency domain and
couple to motors, computers and other electronic equip-
ment. On the VEGA-3 laser system[1] at Centro de Láseres
Pulsados (CLPU), EMPs have been responsible for valve
malfunctions and gas leaks from jet nozzles; they are also
known to enter diagnostics and oscilloscopes, ruining mea-
surements of charged particle emission.

Megahertz- and gigahertz-frequency EMPs are generated
in a variety of high-power laser experiments when hot
electrons are expelled from the target and oscillating currents
are excited in the target mount and surrounding chamber[2].
Previous research[3–7] has focused on laser interactions with
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Figure 1. Gas jet nozzle used during an experiment at the Vulcan Target
Area Petawatt facility (a) before and (b) after a full-power laser shot.
Melting can lead to occlusion of the nozzle aperture or even total rupture of
the material. Images reproduced from Ref. [23] with permission.

solid targets, where the EMP amplitude is known to be the
highest. The few measurements available for high-density
gas jet targets[8,9], however, suggest that EMP emission is
significant. If the EMP amplitude from gas jets scales with
laser energy and intensity as for solid targets, these EMP
fields will increase with a new generation of ultra-intense,
high-repetition-rate laser systems[10].

A second important concern of the laser–gas interaction
is damage to the gas jet nozzle. Many of the most exciting
applications of laser–gas research rely on high shot rates
and a reproducible gas density profile to generate bright,
high-fluence sources of energetic ions[11–16], electrons[17,18]

or X-rays[19,20]. Repeated melting of the gas nozzle, therefore,
represents a serious and expensive hindrance to this research.
On energetic systems like the Vulcan Petawatt laser[21,22] at
the Rutherford Appleton Laboratory, a single shot on a dense
gas target is sufficient to destroy the gas nozzle completely
(see Figure 1). For systems operating at lower energy, lower
gas density and shorter pulse duration, nozzle damage is
more progressive but still leads to significant smoothing
of the gas density profile[24–26], degradation of the laser
interaction and reduced data reproducibility. Understanding
the nozzle damage mechanism is therefore important for
future laser–gas applications.

To date, no theoretical framework has been proposed for
the emission of EMPs from gas jets and this makes it
difficult to estimate the severity of their impact on new
laser systems. In Sections 2 and 3, we present a model of
laser-plasma expansion in a gas, where ionization is mainly
caused by ions streaming from the laser focus (anode) to
the nozzle (cathode). In Section 3.4, however, we show
that electrical breakdown induced by a strong plasma-nozzle
potential can fully ionize the gas on shorter timescales of
10−20 ps. An EMP is then emitted similarly to solid–
target interactions, where a discharge current propagates to
the ground (the chamber) along a cm-scale antenna (the
nozzle or target support), emitting radiation at gigahertz
frequencies. According to our model, the EMP amplitude
for Vulcan Petawatt (Vulcan-TAP) and VEGA-3 interactions
can reach tens to hundreds of μT or several tens of kV/m

at a distance of approximately 1 m from the target. The
theoretical model is supported in Section 4 by the results
from two experiments on the VEGA-3 laser, which show
reasonable agreement with the discharge time, magnetic field
spatial profile and accumulated target charge.

In Section 5, we consider how the nozzle may be damaged
using the plasma expansion model. Two mechanisms are
considered: (i) a kA-level discharge current and (ii) ion
collisional heating. We show that damage to gas jet nozzles
is more likely caused by the impact of plasma ions than
by ohmic heating of the nozzle surface. Model predictions
for the EMP field strength and nozzle damage at different
facilities are discussed in Section 7. Finally, in Section 8,
we present ideas for how the EMP emission model can
be reliably benchmarked with simulations and dedicated
experiments. The practical impact of this work is broad:
allowing scientists to reduce damage to expensive gas jet
nozzles and minimize the electrical disruption of equipment.
It likewise represents a rich seam of more fundamental
research, connecting the physics of laser-target charging,
ionization, ion acceleration, high-voltage breakdown and
antenna emission.

2. Expansion of a laser plasma in a gas jet

We consider an expanding plasma created as a laser pulse
propagates through a high-density gas. The laser pulse ion-
izes the gas and creates a plasma channel. Plasma electrons
are heated by laser radiation to relativistic energies, and
some of them escape the channel and leave it positively
charged. This charged plasma cylinder then expands into
the surrounding gas or plasma, depending on the efficiency
of the ionization mechanisms discussed in Section 3. If the
plasma expands into a gas, the gas is ionized until contact is
made with the conducting tip of the gas nozzle. Once contact
is made, and the plasma is connected directly to the ground, a
discharge is triggered and EMP radiation is emitted. Nozzle
damage is determined variously by the amount of energy
stored in the plasma, the strength of the discharge and the
nozzle material.

Depending on the nozzle design and envisioned appli-
cation, the laser pulse can be sent parallel to the surface
of the nozzle tip at a height varying from a few tenths of
a millimetre to a few millimetres. The width of the laser
channel also depends on the laser focusing optics, laser
power and gas density profile along the laser axis. Figure 2
gives a schematic overview of the situation.

2.1. Model of electric charging of the plasma

The model of EMP emission proposed in this paper consists
of a phase of plasma charging, followed by a discharge
and antenna emission process. Firstly, the plasma is formed,
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Figure 2. Schematic of the nozzle, gas and the cylindrical plasma channel
formed by the laser. Here, rp is the radius of the plasma cylinder, h is
the separation between the channel and the nozzle and �p is the electric
potential. The laser is directed into the plane of the page, along the axis of
the plasma. Red crosses indicate a region of positive charge inside the laser-
generated channel. Three curved arrows sketch the geometry of the electric
field, E.

and the charge is lost as hot electrons escape the potential
barrier. This charge supplies the electrostatic energy that is
later radiated as an EMP. The mechanism of EMP emission,
where the plasma is discharged through the nozzle and
radiates as a dipole antenna, is similar to the solid-target
model already examined in various publications[2,3,7,27].

Following the available observations and numerical simu-
lations[28–31], we assume that the plasma in the laser channel
is fully ionized. The absorbed laser energy ηLEL is trans-
ferred to electrons with an energy distribution approximated
by a two-temperature relativistic distribution:

fe (γ ) = nefMJ (γ,�e)+nhfMJ (γ,�h), (1)

where fMJ (γ,�) is the Maxwell–Jüttner function[32]:

fe (γ,�) = (γ /�) K2 (1/�)
√

γ 2 −1exp (−γ /�),

depending on the dimensionless temperature � = T/
(
mec2

)
,

the modified Bessel function K of the second kind and
the electron relativistic factor γ = 1 + ε/

(
mec2

)
. A fraction

ηlas→h of the absorbed laser energy is transferred to a
population of hot electrons with density nh and temperature
Th, while the remaining energy goes to electrons in the
plasma bulk, with density ne and temperature Te. Here, we
use subscripts ‘h’ and ‘e’ to refer to the hot and thermal
electron populations, respectively.

The bulk electron density is defined by the gas density
(ne = Znat) and the bulk temperature is defined by the plasma
volume and deposited energy via the following:

Ce (Te)neTe = (1−ηlas→h)ηLEL/Vp, (2)

where Ce (Te) = 3 − [
1−K1 (1/�e)/K2 (1/�e)

]
/�e is the

heat capacitance of a relativistic electron gas.
The hot electron density can then be defined knowing the

fraction of energy transferred to hot electrons ηlas→h:

Ce (Th)nhTh = ηlas→hηLEL/Vp.

The electric potential of the plasma channel is determined by
how many hot electrons can overcome the plasma potential
barrier. Although electrons from the plasma bulk will also
contribute to the ejected charge, their contribution is less
than 10% because a significant fraction of the available laser
energy is transferred to hot electrons. The electric potential
�p at the surface of the plasma cylinder with respect to the
grounded nozzle can be estimated as follows:

�p = Q/C, (3)

where Q is the charge of the plasma and C = 2π lpε0/ ln
(
h/rp

)
is the capacitance. The capacitance follows from the
potential of a charged cylinder, radius rp, length lp, situated a
distance h from an infinite conducting plane. Only electrons
with energies εe > e�p can escape plasma to the ground.
Assuming, as mentioned above, that hot electrons have an
exponential distribution in energy with a temperature Th, the
fraction of escaped hot electrons is as follows[33]:

δnh

nh
=

∫ ∞

1+ψ

dγ fMJ (γ,�h), (4)

where ψ = e�p/
(
mec2

)
is the dimensionless potential. The

plasma charge is then Q = eδnhVp and, substituting this
expression into Equation (3), we have the following equation
for the dimensionless potential ψ :

ψ = r2
pω

2
ph

2c2

δnh

nh
ln

h
rp

, (5)

where ωph = (
e2nh/meε0

)1/2 is the hot electron plasma
frequency.

The total energy of escaped electrons is split between the
electrostatic energy of the charged plasma Ees = Q2/2C and
the kinetic energy of the escaped electrons:

Eesc = Vpnhmec2
∫ ∞

1+ψ

dγ (γ −1) fMJ (γ,�h) . (6)

2.2. Ion acceleration in the expanding plasma

The number of ions in the laser plasma and their energy are
important factors for determining the extent of damage to the
gas nozzle, as well as for placing a lower limit on the speed
of the plasma discharge. When the expanding thermal ions
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reach the nozzle surface they deposit their kinetic energy and
can cause the nozzle to melt. Contact between the plasma
and the nozzle also establishes an electrical path to the
ground, triggering a plasma discharge and the emission of
EMP radiation.

The ion spectrum can be separated into two broad pop-
ulations[26,34]: (i) thermal ions that expand as part of the
laser plasma and (ii) a less numerous population of fast
ions accelerated in the charge separation field produced
by the escaped hot electrons[28,35]. We restrict ourselves to
modelling the thermal ions, since they carry most of the
energy.

Following a short phase of gas ionization, electron heat-
ing and plasma charging, the plasma expands and cools
down. After the end of the laser pulse, there is no more
energy supply and the plasma expands adiabatically under
the electron thermal pressure. The plasma pressure is much
higher than the ambient gas pressure, so the plasma expands
freely with electrons transferring their energy to ions. The
plasma charge is conserved during the expansion phase and
the potential decreases logarithmically as the plasma radius
increases (see Equation (5)). The plasma expansion can be
described in some special cases by a self-similar rarefaction
wave model[36,37]. More detailed analysis is performed for
a spherical plasma expansion in Ref. [38]. In practice, the
ion energy distribution depends on the density profile and on
the ratio of the plasma radius to the Debye length. For our
purposes, it is sufficient to estimate the average ion kinetic
energy εi by equating the ion and electron energy densities,
niεi � neεe ≈ 3

2 neTe, where ni is the ion density in the plasma
channel and εe is the average electron kinetic energy. The
total number of ions in the plasma is Ni = niVp.

2.3. Model estimates for Vulcan-TAP conditions

The plasma charging model described in the previous sec-
tion takes several laser and gas parameters as inputs that
must either be experimentally determined or estimated by
other means. Input parameters relevant to the experiments
considered in this paper are given in Tables 1 and 2, along
with the outputs from our model given in Table 3. We use
the Vulcan-TAP parameters in Sections 3 and 5 to explore
likely mechanisms of gas ionization and nozzle damage.
The VEGA-3 parameters are used to benchmark our model
against the experiments described in Section 6.

We assume the laser energy is separated as follows: the
total laser energy is multiplied by some fraction to reflect the
amount of energy contained within the laser focus, which
is called EL; the energy in the focus is then multiplied by
a fraction ηL, which reflects its absorption in the gas and
a further fraction ηlas→h, which is the fraction of energy
converted to hot electrons. The laser energy not converted
into hot electrons goes into the thermal electrons and is

Table 1. Representative input laser parameters – measured or
inferred – as described in the text and Refs. [23,26].

Facility Vulcan-TAP VEGA-3
IL (W cm−2) 2.9×1020 3.6×1019

EL (J) 80 8
τL (fs) 600 75
wL (μm) 3.9 9.8
λL (μm) 1.05 0.8
f# 3 10
a0 15 4.1

Table 2. Representative gas and plasma parameters (measured
and assumed). The plasma radius rp and the laser energy fraction
converted to hot electrons are estimated from dedicated PIC
simulations[23,26].

Gas and plasma parameters (measured)
Facility Vulcan-TAP VEGA-3
Gas H2 He
ne (cm−3) 8.1×1020 2.4×1020

pgas (bar) 15 4.5
h (μm) 500 500

Gas and plasma parameters (assumed)
rp (μm) 20 20
lp (μm) 500 500
ηL 1.0 0.9
ηlas→h 0.4 0.1

Table 3. Plasma properties estimated using the model presented
in Section 2.1.

Facility Vulcan-TAP VEGA-3
Vp (cm3) 6×10−7 6×10−7

Te (keV) 280 140
Th (MeV) 5.0 1.1
�p (MV) 25 4.4
Q (nC) 230 42

eventually converted into the kinetic energy of the plasma
ions as the plasma expands.

Four of the input parameters for our model are ‘assumed’,
which means they have been estimated based on simulations
or previous experimental data. The laser absorption ηL in the
gas is inferred from dedicated particle-in-cell (PIC) simula-
tions[23,26], which indicate that the laser is entirely depleted
after it has passed through the dense gas. The conversion effi-
ciency of laser energy to hot electrons, ηlas→h, is a function of
many variables, including the gas density and laser intensity.
It is not measured in any of the experiments described here
and must therefore be estimated to the nearest order of mag-
nitude. For near-critical density plasmas the available data
is relatively scarce, although there is evidence that the hot
electron conversion efficiency ranges from a few percent to
more than 10% under certain conditions[39,40]. Here, we take
an upper estimate of ηlas→h = 0.4 to illustrate the scenario
of strong charging and EMP. The plasma channel radius
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and length are estimated from PIC simulations[23,26,31,41]

and experimental interferograms[26,42], which suggest that
channels several hundred micrometres in length and tens of
micrometres in radius can be formed on the Vulcan-TAP and
VEGA-3 laser systems a few ps after the arrival of the laser
pulse.

Consider conditions on the Vulcan Petawatt laser, with
pulse energy EL,tot = 200 J, duration τL = 600 fs and
wavelength λL = 1.053 μm[23]. The laser beam is focused
using f# = 3 optics to a spot with full width at half maximum
(FWHM) wL = 3.9 μm. Only 40% of the total laser energy
is contained within the FWHM, for a maximum on-target
intensity of IL � 2.9 × 1020 W cm−2. The spatial extent of
the laser channel in the gas depends on the wavelength of the
laser and the gas density. For typical gas pressures pgas rang-
ing from 0.03 to 30 bar, the atomic/molecular densities in the
laser focal region are in the range ngas ∼ 1018 −1021 cm−3.
The maximum electron density in a fully ionized plasma is
smaller than the critical density, so the laser can propagate
through the gas.

The Rayleigh length of a diffraction-limited Gaussian
beam in our example is ZR = πw2

L/λL � 44 μm. Since the
gas jet width is usually larger than ZR and the beam is
susceptible to relativistic self-guiding, the laser produces a
channel significantly longer[42,43] than ZR. It can be viewed
as an lp � 0.5 mm-long plasma cylinder created at a typical
height of h � 0.5 mm above the nozzle. We take the initial
radius of the plasma channel to be a factor of a few times
larger than the laser focal radius, rp = 20 μm, to reflect
the average size of the channel as the laser deposits energy
over the full length of its path through the gas. We assume
that laser absorption in the gas jet is ηL ∼ 100%, with 40%
transferred to hot electrons.

For the parameters of the Vulcan experiment given in
Tables 1–3, a plasma channel of radius rp = 20 μm and
length lp = 0.5 mm has volume Vp = πr2

plp � 6×10−7 cm3.
A hydrogen gas pressure of 15 bar corresponds to an atomic
gas density nat � 8.1 × 1020 cm−3 at a distance h � 0.5 mm
above the nozzle, so we have Ne � 5 × 1014 electrons.
Equation (2) yields an effective electron temperature Te =
250 keV for the total bulk energy of 43 J.

A hot electron temperature of Th = 5.0 MeV is prescribed

following the ponderomotive scaling[44],
(√

1+a2
0 −1

)
mec2.

If we further assume that ηlas→h = 0.4 on the Vulcan laser,
then Equation (4) gives a hot electron fraction nh/ne � 2.5%
with total energy of 29 J. The hot electron density follows
from the hot electron temperature and the heat capacity of a
relativistic electron gas, as shown in the previous section.

The solution of Equation (5) for typical parameters
h/rp = 25 and rpωph/c = 18 gives �p = 24.8 MV. Knowing
the plasma potential and the plasma capacitance C �
0.0086 pF, we find the charge ejected from the plasma
column, Q = C�p � 234 nC. This corresponds to a fraction

of escaped electrons δnh/ne ≈ 2.8 × 10−3 and is consistent
with the experiment[45].

Since the time required for a hot electron to cross the
channel is relatively short at approximately 2rp/c = 0.13 ps,
the time of plasma charging is determined by the propagation
time of the laser pulse through the gas, approximately 3 ps.

Following Equation (6), the total energy of escaped elec-
trons Eesc is divided between the electrostatic energy of the
charged plasma Ees = Q2/2C � 3.2 J and the kinetic energy
of the escaped electrons asymptotically equal to 4.2 J.

As discussed in the previous section, the average ion
kinetic energy, εi � 0.4 MeV, is 1.5 times the bulk electron
temperature for a hydrogen plasma. This corresponds to an
ion velocity of vi � 9 μm/ps, and an ion expansion time to
the nozzle texp � 60 ps. The total energy carried by these
ions is of the order of the energy carried by the expanding
thermal electrons – that is, about (1−ηlas→h)ηLEL ∼ 40 J
for the Vulcan experiment.

The model estimate of 5 × 1014 ions with a combined
kinetic energy of several tens of joules can be compared with
measured ion spectra and simulations. Figure 3(a) shows an
ion spectrum from Ref. [23] measured at 90◦ to the laser
axis. The peak ion yield of approximately 1011 MeV−1 sr−1

occurs at approximately 2 MeV. The proton signal drops off
at lower energies because the configuration of B-/E-fields
inside the spectrometer limits its dynamic range to about
two decades. Other ion spectral measurements[16,23,34,46,47]

and simulations[23,41] suggest that the sub-MeV thermal ion
population should be orders of magnitude more numerous
than the multi-MeV plasma-accelerated ions. Ion spectra
measured at the PHELIX laser using spectrometers specif-
ically designed to measure sub-MeV ions[46] show sub-MeV
ion yields of approximately 1014 particles.

In addition to ions accelerated by bulk electron pressure in
the expanding plasma, some ions are accelerated to energies
of a few MeV in the electrostatic field created by the escaped
electrons. Hicks et al.[23] report on the number of such
fast protons accelerated in the radial direction as 30 nC/sr.
Assuming an emission solid angle of 1−2 sr, the total charge
of ejected protons is about 60 nC and their overall energy
is about 0.2 J. These values are consistent with 230 nC
charge of ejected electrons and a corresponding energy of
approximately 4 J, as estimated above.

3. Gas ionization by laser-plasma products

The level of EMP emission depends on the intensity of
the discharge current and, consequently, the resistance of
the plasma that connects the laser channel to the nozzle.
There are four processes of gas ionization: (i) photoion-
ization from ultraviolet (UV) light and X-rays produced
by the bremsstrahlung of hot electrons in the plasma col-
umn; (ii) collisional and field ionization from fast electrons
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Figure 3. Ion spectra collected in gas jet experiments. (a) Proton spectrum
from an experiment on the Vulcan-TAP laser, measured at 90◦ to the
laser axis using a Thomson parabola spectrometer with BAS-TR image
plate[23]. The shaded region is the 3σ detection limit. (b) α-particle spectra
from an experiment at VEGA-3[26], measured at ±17◦ from the laser axis
using diamond time-of-flight detectors. The two spectra were recorded
on different shots. See also Figure 5(a). (c) Proton spectrum from a
separate experiment at VEGA-3[24], measured using a Thomson parabola
spectrometer at 90◦ to the laser axis. The spectrometer dynamic range
limits reliable measurements to energies more than approximately 1.3 MeV.
The blue dashed line represents the background noise level. See also
Figure 5(b).

accelerated in the laser channel; (iii) collisional ionization
from fast ions emanating from the laser channel; and (iv)
ionization by electron avalanche caused by a high plasma-
nozzle electric potential.

3.1. X-ray photoionization of the gas

The bremsstrahlung emission of electrons in the laser-
created plasma covers a broad range of photon energies up
to the electron kinetic energy. Assuming the electron energy
distribution is characterized by an effective temperature Te,
the power per unit volume of bremsstrahlung emission from
a hydrogen plasma can be written as follows[48]:

PBrem = 1.69×10−32n2
eT1/2

e W cm−3,

where the electron density is in cm−3 and the electron
temperature is in eV. The radiative contribution of bulk elec-
trons dominates that of hot electrons because neTe � nhTh

under the present conditions. For an electron density of
ne = 8 × 1020 cm−3 in fully ionized plasma and a temper-
ature Te � 250 keV, we have PBrem = 6 × 1012 W cm−3.
Accounting for the plasma volume of Vp ∼ 6 × 10−7 cm3

and lifetime texp ∼ 60 ps (see Section 3.3), the total radiated
energy is about EBrem = PBremVptexp � 0.2 mJ. The spectrum
of emission is flat for photons with energy εx � Te and
decreases exponentially with a temperature Trad � Te for
higher energies.

The mean free path of photons with energies above
3 keV in hydrogen is approximately constant at λxρgas ∼
3 g cm−2[49]. For a gas jet density of ρgas ∼ 1.3 mg cm−3,
the absorption length is 20 m and the probability of gas
ionization over a millimetre distance is negligible. The
mean free path of lower energy photons strongly decreases
as the energy decreases[49]. It can be approximated as
λxρgas ∼ 10−10ε3

x g cm−2 for hydrogen, where εx is the
photon energy in eV. The mean free path of photons with
the energy of 15–20 eV – comparable to the hydrogen
ionization potential Uion = 13.6 eV – is therefore just a
few micrometres.

The photons with energy of about εh ∼ 100–200 eV
produce the most efficient photoionization because their
mean free path is comparable to the plasma-nozzle dis-
tance. The fraction of bremsstrahlung energy carried by
these photons is εh/Te ∼ 10−3 – that is, about 0.2 μJ.
Knowing the energy required to ionize a hydrogen atom
and the volume of gas between the plasma and the nozzle,
Vgas ∼ 4×10−4 cm3, the gas ionization level can be esti-
mated as EBremεh/TeUionVgas ∼ 1.7 × 1014 cm−3. This corre-
sponds to an ionized fraction of approximately 3×10−7. The
photoionization time of approximately 60 ps is defined by
the time of bremsstrahlung emission, which is the lifetime of
the hot plasma channel.

3.2. Ionization by hot electrons

Hot electrons also contribute to the ionization process. These
electrons are those escaping the plasma potential barrier
and their characteristics are estimated in Section 2. The
stopping power of electrons in hydrogen gas for this range
of energies of a few MeV is approximately 4 MeV cm2/g[50],
so a hot electron loses approximately 260 eV over the
distance h � 0.5 mm. The energy of secondary electrons is
comparable to the ionization potential of the gas[51], which
means that one primary electron creates approximately 20
secondary electrons in the gas volume. Using the number of
escaped electrons estimated in Section 2.1, Nesc � 1.4×1012,
the density of secondary electrons produced by collisional
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ionization is approximately 7.5 × 1016 cm−3. This corre-
sponds to an ionized fraction of approximately 10−4, which is
produced in a short time of hot electron emission of a few ps.

Alternatively, hot electrons can produce field ionization
of the gas if the electron beam density is sufficiently high.
For a beam of 3 MeV electrons passing through a neutral
gas, field ionization dominates over collisional ionization
for beam densities exceeding approximately 1017 cm−3[52].
Considering 1012 hot electrons contained within the initial
plasma volume, the maximum beam density is approxi-
mately 2.5×1017 cm−3. So, field ionization has approxi-
mately the same impact as collisional ionization.

3.3. Ionization by plasma ions

The stopping power of a representative 0.4 MeV proton in
hydrogen is 1200 MeV cm2/g[53]. The energy needed for
the creation of one secondary electron by a fast ion is of
the order of the ionization potential, Uion, and it varies
weakly with the ion energy[54,55]. A 0.4 MeV proton passing
through hydrogen gas, therefore, creates approximately 6000
secondary electrons over the 0.5 mm distance between the
plasma and the nozzle, losing about 0.1 MeV of its kinetic
energy. In a gas volume of approximately 4 × 10−4 cm−3,
this corresponds to complete ionization of the ambient gas.
This is, however, a relatively long process that takes approx-
imately 60 ps.

The contribution of fast ions to gas ionization is smaller
by more than three orders of magnitude, but their velocity
is about three times higher. An ionization level of approx-
imately 3 × 10−3 is therefore produced prior to plasma
expansion, during the time of flight of the fast ions, which
is about 20 ps.

3.4. Gas ionization by electrical breakdown

When hot electrons are ejected from the laser plasma, it
becomes positively charged with respect to the nozzle. The
electric field between the plasma and nozzle may then break
down the gas and propagate a discharge. The discharge
regime is determined by the product of the gas pressure and
electrode separation pgash. Under Vulcan-TAP conditions,
with pgash � 1 bar cm, avalanche ionization will occur if
the potential is above the breakdown value of 20−30 kV[56].
This is much smaller than the plasma potential of approxi-
mately 25 MV estimated in Section 2.

In the avalanche process, the electron density increases
exponentially in time from the seed level ne0/nat ∼ 10−4 −
10−3 created by fast electrons or ions, ne(t) = ne0 exp (νiont),
where νion is the characteristic ionization rate. According
to Refs. [56,57], the ionization rate is νion ∼ 1012 s−1 for
Vulcan conditions and the gas can be fully ionized in a few
picoseconds. However, the plasma potential decreases with

time for two reasons: firstly, it decreases logarithmically with
time because of plasma expansion according to Equation (5)
and, secondly, because the energy deposited during the ion-
ization process is extracted from the electrostatic energy. The
decrease in electrostatic energy is related to the ionization
loss, �E � UionneVgas, and the discharge stops when all the
available electrostatic energy Ees has been exhausted. This
relation defines the maximum ionization that can be achieved
by avalanche breakdown, ne, max ∼ 4×1021 cm−3, which is
larger than the atomic gas density.

3.5. Conclusions on ionization processes and plasma
resistance

In conclusion, photoionization of the gas jet is low and
can be neglected. Instead, ionization by charged particles
is produced in three steps: firstly, at the level of 10−4 by
fast electrons in a few ps, then at the level of 10−3 by fast
ions within 20 ps, and finally by the expanding plasma on
a timescale of 60 ps. Free electrons produced during the
first two steps provide the seed for a discharge by electrical
breakdown. Avalanche breakdown is initiated from the seed
level of ionization produced by fast electrons or fast ions on
a 10 − 20 ps timescale. It can fully ionize the gas under the
conditions of the Vulcan experiment before the expanding
plasma reaches the nozzle.

The degree of gas ionization determines the plasma resis-
tance and the discharge current that can be supported. We
estimate the plasma resistance as R = ηh/A, where η is the
plasma resistivity and A ≈ 2rplp is the cross-sectional area of
the ionized gas between the nozzle and the laser channel. The
plasma resistivity in a fully ionized plasma is dominated by
electron–ion collisions and can be estimated from the Drude
formula:

η = meνei/e2ne, (7)

where νei is the electron–ion collision frequency. Assuming
the electron temperature to be of the order of the ionization
potential, we find νei ∼ 1014 s−1 and the plasma resistivity
is η � 5 × 10−6 � m. This corresponds to a very small
resistance of the order of 0.1 �. A path to the ground is
established when the gas is fully ionized; the potential drop
across the nozzle is of comparable magnitude to the plasma
potential and a discharge current is produced. The accumu-
lated plasma charge and discharge time puts a limit on the
maximum discharge current of the order of approximately
10 kA, as discussed in the next section.

4. Electromagnetic pulse emission

Here, we estimate the characteristics of EMP emission. The
theoretical picture is as follows: the plasma supplies a current
limited by the nozzle resistance and the available charge,
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and radiation is emitted from an antenna made out of the
conducting parts of the nozzle. Considering the nozzle as a
quarter-wavelength dipole, the emission frequency depends
on the nozzle length hd as νemp = c/4hd. For hd = 3 cm, the
emission frequency is 2.5 GHz.

The EMP energy is limited by the available electrostatic
energy in the plasma, which is of the order of a few joules.
Modelling the plasma-nozzle system as a dipole, the total
emitted energy, according to the textbook by Jackson[58],
depends on the charge Q and the emission frequency:

EEMP ≈ 0.1Z0Q2νemp, (8)

where Z0 = 377 � is the vacuum impedance. For 230 nC
accumulated charge and an emission frequency of 2.5 GHz,
the relation yields approximately 5 mJ of EMP energy and
an average current at the antenna frequency[27] of Jemp =
Qνemp ∼ 580 A. EMP emission is delayed with respect to
the laser: firstly, because it takes time to ionize the gas and,
secondly, because the current needs time to propagate along
the antenna.

Knowing the amplitude of the discharge current, we can
also estimate the amplitude of the emitted magnetic field at a
distance r as B � μ0Jemp/2πr, where μ0 is the permeability
of free space. This is equivalent to the maximum magnetic
field (measured over all possible emission angles) in the far-
field of a dipole antenna[27]. For a nozzle of height hd = 3 cm,
the peak magnetic field amplitude is approximately 120 μT
at a distance of r = 1 m. The gas discharge is thus expected to
produce an EMP with electric field of amplitude E = cB ≈
36 kV/m (in the plane wave approximation). This value is
higher than the electromagnetic susceptibility threshold for
electronics[59].

5. Nozzle damage mechanism

We identify two mechanisms[60] that could lead to noz-
zle damage in high-power laser experiments with gas jets:
ohmic heating from a discharge current and bombardment
by plasma ions. To evaluate which process is more likely to
induce melting, we calculate the energy required to melt a
given mass of nozzle material.

We consider copper as a representative nozzle material,
with a heat capacity CV = 0.39 J/(g K), a melt temperature
of 1360 K and a latent heat of melting 0.86 kJ/g. To heat
1 g of Cu to the melting temperature – and to melt it – one
needs a total energy of 1.3 kJ. Similar estimates apply to
aluminium and iron. The total available electrostatic energy
in the plasma of 3 J can melt a maximum of 2 mg Cu. By
contrast, the total kinetic energy of the expanding plasma
ions is more than 10 times larger. The plasma can therefore
cause more damage to the nozzle.

5.1. Energy released through ohmic heating

The energy released by ohmic heating is J2Rtp, where
J = Q/tp is the discharge current. The resistance R is
calculated from the metal resistivity ηd, the current-carrying
surface Ad and nozzle length hd. Since the discharge is short,

the current is confined within skin depth, δ =
√

ηd/
(
νempμ0

)
.

For Cu resistivity ηd = 1.7×10−7 � m and frequency νemp ≈
2.5 GHz, the skin depth is δ ∼ 10 μm. Assuming the current
flows along the hd = 3 cm nozzle with a radius of rd = 5 mm,
the current-carrying cross-sectional area is Ad ∼ 3 ×
10−3 cm2 and the resistance is R = ηdhd/Ad ≈ 0.01 �. The
energy released by ohmic heating with a kA-level current
over tp ∼ 2h/c ≈ 3 ps is therefore less than approximately
0.1 μJ.

Will the conducting layer melt if it is supplied with
0.1 μJ of heat energy? The volume of heated material is
hdAd ∼ 10−2 cm3, which gives a heated mass of approx-
imately 80 mg. The available electrostatic energy is not
sufficient to heat such a large mass, so it is unlikely that the
melting of gas nozzles is caused by ohmic heating from a
discharge current.

5.2. Heating caused by plasma deposition

Plasma ions are the primary source of nozzle heating.
Assuming that Ni ions in the plasma are expanding
isotropically, the angular ion flux is Ni/4π . The solid angle
subtended by the nozzle is given by 2π (1− cosα), where
tanα = rd/h. For h = 0.5 mm and rd = 5 mm, the solid angle
is approximately 2π and the number of ions incident on the
nozzle is around half the ion population.

The stopping power of 0.4 MeV protons in Cu is
166 MeV cm2/g[53] and the rate of energy deposition is
approximately 1500 MeV/cm. The ions therefore deposit
all their energy over a distance of less than approximately
10 μm. The maximum heated volume is 8 × 10−6 cm3 and
the mass of heated material is approximately 0.02 mg.

Based on the estimates of plasma density and volume
from Section 2.3, there are Ni ∼ 5 × 1014 ions at energy
approximately 0.4 MeV for a combined energy of 40 J. Half
of these ions strike the nozzle and deposit an energy of
250 kJ/g. This is more than 100 times higher than the energy
required to melt Cu, so plasma heating melts the nozzle
easily.

The same conclusion applies to a ceramic nozzle, even
with the greater heat resistance. Consider SiC with a melting
temperature of 3100 K, 370 J/g latent heat of melting and a
specific heat capacity of 0.67−1.4 J/(g K) for temperatures
between 300 and 4000 K[61]. Using these values, we find that
approximately 4 kJ/g is required to melt SiC. According to
the National Institute of Standards and Technology (NIST)
proton stopping catalogue, the stopping power of a 0.5 MeV
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proton in SiO2 is 290 MeV cm2/g[53]. For a density of
3.2 g cm−3, the rate of energy deposition is 1000 MeV/cm
and the deposition depth is approximately 5 μm, for a heated
volume of approximately 2 × 10−5 cm3 and a heated mass
of 0.06−0.1 mg. This is consistent with SRIM Monte Carlo
simulations[62] of 0.4 MeV protons incident on SiC, which
give a 4 μm range. The 20 J of incident ion energy deposited
in a few micrometres corresponds to heating of approxi-
mately 200 kJ/g – more than sufficient to melt the ceramic.

This conclusion is supported by a gas jet experiment on
the VEGA-3 laser[24]. The laser was focused to an intensity
of 2.2 × 1019 W cm−2 in a He (97%) and H2 (3%) gas mix
with peak atomic densities of the order of approximately
1021 cm−3 (see Section 6.2 for more details of the experi-
ment). Tungsten nozzles suffered progressive damage over
tens of shots when the laser was focused at a distance of
approximately 900 μm, whereas a UV fused silica nozzle
was destroyed when the laser was focused at a distance of
approximately 400 μm from the nozzle surface.

We apply this model of nozzle damage to a Vulcan-TAP
experiment. The amount of energy deposited by the ions is
sensitive to the number of ions and their average energy.
Taking a vertical gas density profile from measurements by
Hicks et al.[23], we estimate the number of ions generated
in the laser channel when the laser is focused at different
heights above the gas jet. We assume a value of Ni at a fixed
height of 160 μm, where the density is maximal, and scale it
by the normalized vertical density profile as the laser focus
is shifted to different heights above the nozzle. Following the
method outlined earlier, we then calculate the ion flux on the
nozzle surface and the amount of energy deposited when
the laser is focused at different distances from the nozzle. In
the experiment, metallic nozzles were instantly destroyed at
a nozzle-focus distance of 400 μm and virtually undamaged
when they were separated by 2 mm. Since the melt threshold
for Cu is 1.4 kJ/g, this suggests that the ion energy deposition
must reach approximately 2 kJ/g when the laser is focused
somewhere between these two distances. These observations
give bounds on the total number of 0.5 MeV plasma ions
produced by the laser at a height of 160 μm, which satisfies
4 × 1012 < Ni < 2 × 1014. The product of the initial plasma
volume and peak gas density gives a maximum electron
number of approximately 5×1014, which may be considered
an upper limit on the number of accelerated ions.

The situation is illustrated graphically in Figure 4.
Figure 4(a) shows the ion energy deposited in the nozzle
as a function of distance, assuming 4 × 1012 plasma ions at
0.5 MeV when the laser is focused at a height of 160 μm.
Figure 4(b) shows the energy deposition for 2×1014 plasma
ions at a height of 160 μm above the nozzle. The amount
of nozzle heating increases as the laser approaches the peak
gas density at approximately 160 μm and then drops steeply
as the laser is focused further away from the nozzle. This is
caused partially by the reduced solid angle subtended by the

Figure 4. Ion energy deposited per mass of nozzle material as a function of
laser-nozzle separation for the number of ions Ni = 4×1012 (a) and 2×1014

(b) normalized to the plasma height of 160 μm. The red dot represents the
theoretical melt threshold for a Cu nozzle. Red and green vertical dashed
lines represent observed distances where a steel nozzle was destroyed and
survived, respectively. The ion energy is 0.5 MeV.

nozzle and also the changing gas density profile. Accounting
for ion collisions in the gas before they reach the nozzle
means that less overall energy is deposited in the nozzle, but
the energy per unit mass of heated material increases due to
a higher ion stopping power at lower energies.

The estimates presented in this section suggest that nozzle
damage is caused primarily by ion energy deposition rather
than a resistive current, so nozzle material has little impact
on nozzle survival. On the other hand, just as for EMPs
emitted from solid targets, the discharge current and EMP
amplitude and spectrum change when one moves from con-
ducting to dielectric nozzles.

6. Experimental results

6.1. Ion acceleration experiment on VEGA-3

An experiment was conducted on the VEGA-3 laser system
with the aim of using petawatt laser pulses to trigger laser
channelling in inert gases (He, N2, He-N2) and thereby
learn more about ion acceleration mechanisms[25,26]. Refer to
Figure 5(a) for the vacuum chamber geometry and location
of major diagnostics.

A two-lens imaging system was used to monitor the focal
spot diameter during the experiment, which was fixed at
approximately 12 μm FWHM. A laser pulse duration of
τL = 72 ± 24 fs was measured using an autocorrelator. The
laser energy varied in the 18.4 ± 2.3 J range (uncertainties
correspond to the standard deviation over ∼ 100 shots),
although only approximately 47% of the pulse energy is
contained within the focal spot[25]. Two types of shock
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Figure 5. Schematic diagrams of two experiments conducted on the
VEGA-3 laser system. (a) Setup described in Section 6.1. A Thomson
parabola spectrometer (TP), two electron spectrometers (E-Spec) and
four diamond time-of-flight detectors (Diamond ToF) are represented
by coloured boxes. (b) Setup described in Section 6.2. Three Thomson
parabola spectrometers are placed at 0◦, 60◦ and 90◦ to the laser axis. The
B-dot probe was positioned at variable distances (∼ 2−3 m) from the gas
target, with its measurement axis horizontal and orthogonal to the line-of-
sight axis. A camera was used to take images of the gas at twice the laser
fundamental frequency. Further details of these experiments can be found
in Refs. [24,26].

nozzles were used: Sourcelab J2021 nozzles (peak atomic
density nat, max ≈ 5 × 1020 cm−3 at a height of ∼ 500 μm
above the nozzle) and S900 nozzles[63] (peak atomic density
nat, max ≈ 1020 cm−3 up to ∼ 900 μm above the nozzle). The
S900 nozzles were designed to produce a convergent shock
further from the nozzle surface than the J2021 design in
order to reduce nozzle damage and degradation of the gas
density profile. Interferometric measurements showed that
the J2021 had a narrower, denser gas profile along the laser
axis than the S900 nozzle. They also revealed that He gas
produced denser wings and broader density peaks than N2

or the He-N2 mix. J2021 and S900 nozzles will hereafter
be referred to as ‘short-focus’ and ‘long-focus’ nozzles,
respectively.

Figure 6. Images corresponding to optical probe arrival approximately
150 ps after the drive laser in a He gas with a long-focus shock nozzle.
(a) Raw interferogram. (b) Density map showing a plasma channel strad-
dling the peak density region at x = 250 μm. The laser focus position in the
vacuum was set at x = 0 μm.

To measure the electron density in the plasma channel,
a folding-wave interferometer was used to take optical
interferograms of the ionized gas at different temporal delays
relative to the drive laser[64]. Figure 6(b) shows a He density
distribution from the experiment taken at approximately
equal to 150 ps after the arrival of the laser, revealing
a laser channel with average radius of approximately
equal to 70 μm. Interferograms could not be recovered
at earlier probing times because the channel boundaries
were obscured by plasma self-emission. Modelling the
expansion as a Sedov–Taylor cylindrical blast wave[65,66],
R(t) = ξ0

(
Ebt2/ρgaslp

)1/4, gives an energy of Eb � 1.3 J
(taking ξ0 = 0.9[66]) deposited in the channel over its length
of lp � 0.5 mm, which is less than 20% the deposited laser
energy of 7.3 J. Such a significant difference is explained by
the fact that the expanding plasma is essentially collisionless.
Plasma ions propagate through the ambient gas and ionize
atoms without creating a density compression – only a small
portion of the slow ion population contributes to shock wave
formation.

Two-dimensional (2D) PIC simulations in CALDER[26,28]

and experimental interferograms of the gas at the point of
laser arrival suggest that, by the time the laser has travelled
through the low-density wings of the gas density profile
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and arrived at the central high-density region, the laser has
become significantly defocused. For a gas density of 4.5 bar
and a plasma channel radius of 20 μm, the plasma volume
is approximately 6 × 10−7 cm3, the laser energy deposited
in the gas is 7.3 J, the bulk electron temperature is Te �
140 keV and the pressure is approximately 50 Mbar (see
Table 3).

The stopping power of 140 keV electrons in He is approx-
imately 3 MeV cm2/g[50], which corresponds to a mean free
path of more than 50 cm for our gas density. The Debye
radius, however, is of the order of 0.1 μm, so bulk electrons
remain in the plasma due to the Coulomb attraction and
the plasma expansion is quasi-neutral. Bremsstrahlung losses
are negligible on this timescale, so the plasma expands
adiabatically.

Assuming that all bulk electron energy is transferred to
ions, the average energy of helium ions is about 0.43 MeV,
their velocity is approximately 5 μm/ps and the expansion
time is 100 ps. In this experiment, about 10% of the absorbed
laser energy is transferred to hot electrons with an effective
temperature of approximately 1.1 MeV given by the pon-
deromotive scaling. Then using the plasma charging model
described in Section 2, we estimate a plasma capacitance
of 0.0086 pF, a plasma potential of 4.4 MV and 42 nC
charge of escaped electrons. The plasma electrostatic energy
is about 0.1 J and the escaped electrons have carried away
approximately 0.15 J.

Applying the analysis of gas ionization described in Sec-
tion 2, we find that the photoionization probability is very
low – about 1.6 × 10−7, the level of ionization by fast
electrons is two orders of magnitude larger at approximately
3.3×10−5 and the dominant ionization processes are electri-
cal breakdown and ions in the expanding plasma. The plasma
ionization time is, therefore, within a few tens of ps. The
plasma discharge results in EMP emission with energy of
approximately 0.17 mJ, which corresponds to an electric field
of approximately 6.3 kV/m and a magnetic field of 21 μT at
1 m from the source. Nozzle damage is due to the energy
deposition of a few joules by the plasma ions.

Progress of gas ionization between the laser and nozzle
was measured with a pick-off beam converted in the sec-
ond harmonic and directed transversely to the laser chan-
nel for interferometric imaging. Figure 7 shows interfero-
grams taken at two different times after the arrival of the
laser pulse. Figure 7(a) corresponds to the earliest probing
time measured after the laser pulse arrival. The shadow
of the gas is visible in both images, suggesting that the
entire gas volume can be ionized within 40 ps. The speed
of the ionization front, therefore, exceeds approximately
20 μm/ps, which is consistent with gas ionization by elec-
trical breakdown.

To monitor ion emission during the experiment, five dia-
mond time-of-flight detectors[67] were placed in multiple
different locations around the vacuum chamber (0◦, ±17◦,

Figure 7. Interferograms of the VEGA-3 laser interacting with N2 gas
ejected from a short-focus shock nozzle. Probe times relative to the arrival
of the pump beam are 40 ps (a) and 90 ps (b). The laser intensity is
1020 W/cm2 and the gas density is 1020 cm−3.

4.85◦, 5.5◦ with respect to the laser axis, always inclined
at 9◦ to the horizontal plane of the laser) and a Thomson
parabola spectrometer was placed along the laser axis in
the same horizontal plane as the laser. When the diamond
detectors were placed at ±17◦, nitrogen ions with energy
up to approximately 80 MeV were measured. For shots on
He gas, α-particles were accelerated to 0.7 MeV/u with 109

particles per steradian, while shots on N2 gas produced ions
up to 5.7 MeV/u with 107 particles per steradian. These
ions were measured in the laser forward direction within
a ±17◦ cone[26]. Sample He spectra from the time-of-flight
diagnostics can be found in Figure 3(b). We expect higher
yields perpendicular to the laser axis.

6.2. EMP experiment on VEGA-3

A second experiment was conducted on VEGA-3 with a
view to characterize the EMP and ions produced in laser–gas
interactions (see Figure 5(b)). The laser energy before the
compressor was approximately 30 J and the pulse duration
was 30 fs. Based on images of the focal spot taken at low
energy, 21% of the energy on-target was contained within
the first Airy disk[24] for an on-target intensity of the order of
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approximately 1020 W cm−2 at best compression, similar
to the intensity reported for the experiment in the previous
section. The laser contrast was 10−12 at 0.1 ns, with no
significant pre-pulses[24]. A Prodyn RB-230(R) radiation-
hardened B-dot probe was used to measure the amplitude
of the magnetic field at different distances from the gas
jet, while two diamond time-of-flight detectors and three
Thomson parabolas were used to monitor charged particle
emission. Signal degradation due to EMP pick-up in the
unshielded oscilloscope prevented the easy identification of a
photo-peak in the time-of-flight data, so quantitative analysis
of the ion spectrum is not possible. A proton spectrum from
the Thomson parabola positioned at 90◦ to the laser axis
is shown in Figure 3(c). The data is integrated over five
shots, with a lower proton sensitivity limit of approximately
1.3 MeV. The proton yield increases towards lower energies,
with a maximum of approximately 3 × 1011 MeV−1 sr−1

at the low-energy limit. B-dot signals were recorded on a
Rohde&Schwarz RTO64 digital oscilloscope with 2 GHz
bandwidth and 10 GS/s sampling rate. The B-dot probe
was oriented so that its axis was parallel to the ground and
sensitive to an azimuthal magnetic field relative to the nozzle
axis.

B-dot voltage signals were bandpass-filtered between 0.4
and 2 GHz, with the lower limit determined by the probe
frequency response[68,69] and the upper limit by the oscil-
loscope bandwidth. The waveforms were then cropped, the
zero-point offset removed and cable attenuation corrected in
the Fourier domain. The cable attenuation functions were
measured using a Rohde&Schwarz ZNA4 vector network
analyser from 5 MHz to 4 GHz, but the correction was only
applied between 0.4 and 2 GHz to avoid amplifying noise
beyond the sensitivity range of the diagnostic. Finally, the
voltages were integrated in time and multiplied by the probe
effective area of 0.2 cm2 (supplied by the manufacturer) to
yield the magnetic field.

Both solid and gaseous targets were studied during the
experiment. The gas was a 3:97 H2-He mix at approximately
1000 bar backing pressure, forced vertically downwards
through the nozzle aperture to the laser focus. The electron
density in the laser focal region was close to 1021 cm−3.
On shots with solid targets, the nozzle and solenoid valve
assembly (Figure 8) was replaced by a bracket and multi-
foil array. The foils were made from 6-μm-thick aluminium.
Figure 9 shows typical EMP waveforms for solid and gaseous
targets, demonstrating a reduction by a factor of two to three
in the peak magnetic field for the same laser parameters
when solid targets were switched to gas. This is consistent
with the results of Kugland et al.[8] on the PHELIX laser
with an Ar gas jet and tallies with our theoretical estimates.
The ChoCoLaT2 code[70] evaluates the charge produced by
the VEGA-3 laser interacting with 6-μm-thick Al foils to be
of the order of 100 nC, which is two times higher than the
42 nC estimated for a gas in Section 6.1.

Figure 8. Three-dimensional graphic of the gas jet nozzle and solenoid
valve assembly at VEGA-3. Arrows indicate dimensions relevant to electro-
magnetic emission.

Figure 9. Comparison of EMP waveforms for solid and gaseous targets
on VEGA-3. The signals were measured using a Prodyn RB-230(R) probe
positioned at 60◦ to the laser forward direction at a horizontal distance of
2.66 m from the nozzle and vertically in-line with the laser focal spot. The
maximum amplitude of the magnetic field was a factor two to three times
lower for the gas targets compared to 6-μm-thick solid Al foils.

Figure 10 shows measurements of the decay of the mag-
netic field with distance from the gas jet. The data points
come from experimental measurements and represent the
average of the maximum and minimum magnetic field values
in the waveform. Error bars represent one standard deviation
from the mean. The green points represent data taken when
the B-dot was positioned at 60◦ to the laser axis, outside
the vacuum chamber and behind a glass window. A Thom-
son parabola spectrometer inside the chamber blocked the
probe’s direct line of sight to the target.

The magnitude of the magnetic field is of the order of
5−10 μT at a distance of approximately 2 m from the jet.
Significant shot-to-shot variations are due to adjustments in
the laser focal position inside the gas to optimize the laser
coupling to the target. There are insufficient data points to
identify an unambiguous scaling with distance, but they can
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Figure 10. Variation of EMP maximum magnetic field with distance from
the gas jet. Data was collected with the B-dot probe positioned at φ = 60◦ to
the laser axis, with the line of sight to the target occluded. The fitted curve
is for a 3-cm-tall antenna with the angle between the antenna axis and the
probe assumed constant at θ = 90◦ for the different distances.

allow us to estimate the charge accumulated in the gas by
the laser ejection of hot electrons if we assume a dipolar
radiation field. The solid line represents a least squares
fit to the data points with Equation (1) from Ref. [27],
assuming an antenna height of hd = 3 cm (consistent with
the vertical height of the jet nozzle in Figure 8) and leaving
the target charge Q as a free parameter. The best-fit charge
is approximately 20 nC in this case. This is in agreement
with the model presented in Section 2, which predicts a
charge of approximately 40 nC for the VEGA-3 experimental
conditions.

Peaks in the EMP Fourier spectrum constrain the EMP
emission mechanism. The average of the EMP Fourier
spectra for shots with the gas jet targets reveals multiple
prominent resonances between νemp ∼ 1.2 and 1.9 GHz (not
shown here). Assuming antenna emission from a monopole
of height c/4νemp, the strongest resonances correspond to
heights of approximately 4–5 cm, similar to the dimensions
of the nozzle. Note that our measurements were only
sensitive to emissions from 0.4 to 2 GHz and there were other
large metallic objects in the chamber that might contribute
to the EMP.

7. Discussion

We examine here how EMP amplitude and nozzle damage
vary on different laser systems. In Figure 11, we consider
the EMP produced by three different types of laser–gas
interactions: experiments at relatively low laser energy with
under-dense gases (Figure 11(a)); experiments with PW-
scale lasers and near-critical density gases (Figure 11(b));
experiments with high energy, longer pulse duration lasers
and under-dense gas targets (Figure 11(c)).

For all the calculations shown in Figure 11, we assume
40% of the total laser energy shown on the x-axis is con-
tained within the focal spot and that all the laser energy
in the focus is absorbed over the full length of the plasma

Figure 11. Variation of the EMP electric field located 1 m from a 3-cm-
tall nozzle for different values of the total laser energy and pulse duration,
calculated using the model from Section 2. Laser and gas parameters
have been chosen so that they are representative of experiments with the
following: (a) under-dense gases on low-energy systems like the Gemini
Target Area 2 laser[71]; (b) near-critical gases and PW-scale lasers, such
as VEGA-3; (c) under-dense gases and high energy, longer pulse duration
lasers such as LMJ PETAL[72] and NIF ARC[73].

channel. The gas is He, ejected from a 3-cm-tall conducting
nozzle, and the laser-to-hot-electron conversion efficiency is
assumed to be 20% in Figure 11(a), 30% in Figure 11(b)
and 40% in Figure 11(c). For the relatively low-energy laser
systems in Figure 11(a), we assume a plasma channel radius
of rp = 20 μm, a channel length lp = 3 mm and a gas pressure
of pg = 0.2 bar, with the laser focused hp = 3 mm above the
nozzle. In Figure 11(b), we take rp = 20 μm, lp = 0.5 mm,
pg = 10 bar and hp = 0.5 mm. Then for the PETAL-type
lasers in Figure 11(c), we consider rp = 40 μm, lp = 1 cm,
pg = 0.2 bar and hp = 3 mm.
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Calculations suggest that low-energy lasers can eject a few
tens of nC from a plasma channel and produce EMP fields
of a few kV/m at 1 m from the target. PW-class lasers are
more disruptive, producing tens to hundreds of nC plasma
charge and EMP fields of several tens of kV/m at 1 m
from the gas. The strongest fields are expected for PETAL-
class lasers, which can displace hundreds of nC to μC of
charge and produce EMP fields of several hundred kV/m at
metre-scale distances. These estimates agree well with recent
measurements by Cayzac et al. at PETAL[74], which confirm
that the EMP fields are generally a few factors lower than
what one would expect for solid target interactions.

The magnitude of the EMP can be controlled either by
disrupting the discharge current as it propagates down the
gas nozzle or through its relation to the amount of charge
that escapes the plasma. A higher laser energy increases the
energy available for conversion into hot electrons, while a
higher intensity will increase the hot electron temperature.
Increasing the laser energy and intensity will therefore tend
to increase the escaping electron charge. A larger plasma
volume or higher gas density will spread the laser energy
over more particles and generally lower the average particle
energy. A larger volume will also increase the plasma capac-
itance and reduce the electrostatic barrier potential for the
escaping electrons.

Our model can also be used to estimate when a nozzle is
likely to be damaged on a given laser system. By way of
example, Figure 12 shows the damage produced by a VEGA-
3 type laser focused at different heights, hp, above a metallic
nozzle. The gas pressure, pg, is varied up to 10 bar and
the different colours correspond to the ion energy deposited
in the nozzle as a fraction of the energy required to melt
the nozzle (∼ 1.3 kJ/g). Any contour value above 1.0 there-
fore implies that the nozzle will be damaged. An artificial,
exponentially decreasing density profile with 500 μm scale
length is assumed, while the other parameters are as given
in Table 3 for the VEGA-3 experiment. Damage occurs for
laser-nozzle distances below a few hundred micrometres and
peak gas pressures above a few bar. Damage is most easily
avoided by focusing the laser further from the nozzle, where
the gas density is lower and the ion flux on the nozzle will be
reduced.

It is important to bear in mind some of the limitations of
our model. Many of the physical quantities used as inputs
depend on each other in complicated ways, such as the
relationship between the plasma channel volume and laser
focal spot size, or between gas pressure and the hot electron
conversion efficiency. Without additional information about
these connections, the model will not be able to accurately
predict how the EMP fields scale with physical parameters.
Our model also does not account for plasma acceleration
processes such as shock[75] or laser wakefield[76] accelera-
tion, which can affect the electron and ion distributions in
complicated ways.

Figure 12. Nozzle damage factor (ratio of the plasma ion energy deposited
in the nozzle per mass of heated material divided by the nozzle melt
threshold) for different values of the laser-nozzle distance and gas pressure,
calculated using the model from Section 2. An exponentially decaying gas
density profile with 500 μm scale length is assumed, where the peak He
gas density is taken at the nozzle surface (hp = 0). A bold white line marks
where the nozzle damage factor is equal to 1, corresponding to a deposited
energy-per-mass equal to the melt threshold of Cu (∼ 1.3 kJ/g).

8. Conclusions

We have explored various mechanisms of gas ionization and
nozzle damage in laser–gas interactions. Depending on the
gas density and plasma temperature, an electrical discharge
and EMP can be triggered either by plasma expansion from
the laser focus or electrical breakdown of the ambient gas.
The relatively small plasma volume produced in laser–gas
interactions leads to a small plasma capacitance and this in
turn produces a smaller ejected charge and lower level of
EMP compared to solid targets. Nozzle damage is caused
by plasma ions depositing energy in the nozzle surface
rather than ohmic heating from the discharge current. Two
experiments on the VEGA-3 laser have provided useful
supporting evidence for our model. The minimum speed of
gas ionization – inferred from optical interferometry – is
consistent with collisional ionization by ions in an expanding
plasma or with the electric discharge.

Further dedicated experiments are needed to confirm the
model presented in this paper, in particular by measuring
the emitted ion and electron spectra over a large solid angle.
Measuring the average ion energy will allow us to estimate
the discharge time and plasma expansion velocity. It is also
important to measure the laser-ejected charge since 10 times
more hot electrons imply 10 times stronger EMP fields.
Direct measurement of a discharge current in the nozzle and
characterization of the EMP spectrum is essential to confirm
that the EMP is related to antenna emission from the nozzle.

EMP sources couple with the chamber and objects within
it, exciting resonant modes[6]. These modes are excited differ-
ently according to the nature of the driver and may last much
longer than the source itself, depending on their relaxation
time. We have discussed a plasma discharge as one important
source of EMPs, but the electron beam ejected from the
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plasma can also induce currents and secondary electromag-
netic fields in the nozzle and surrounding chamber[77]. The
intensity of the induced current is much smaller than that
of the escaped electrons, however, its impact on the nozzle
damage is expected to be small.

Experimental validation of the nozzle damage mechanism
requires measurement of the ion energy distribution in the
radial direction, in the energy range below 1 MeV. This
might also be combined with a study of nozzle damage as
the laser is focused at various different heights above the gas
nozzle. Switching from metallic to ceramic nozzles would be
useful for assessing the impact of nozzle material.
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