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ABSTRACT

This work is devoted to experimental analyses of plasmas induced by electrostatic discharges in dielectric materials. Electrostatic discharges
are produced in polytetrafluoroethylene (Teflon) and polyethylene samples irradiated by a 6-MeV electron beam generated by a linear accel-
erator facility. The time and space evolution of the conductivity of the plasma is determined by microwave transmission measurements
across a cavity followed by comparison with 3D Maxwell calculations. Furthermore, plasma parameters such as average electron energies and
densities of electrons and neutral background species are determined from a 0D collisional radiative model. This analysis infers a plasma
expansion velocity of about 150 km/s and a maximum electric conductivity of about 40 S/m. The electron density is estimated to be about
1012 cm�3, and electron average energies are up to 60 eV, while neutral species densities do not exceed 1018 cm�3.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5127814

I. INTRODUCTION

The objective of this work is to provide quantitative information
on ESD-induced plasmas produced by dielectric breakdown following
internal charging by electron implantation in dielectrics. These effects
can occur in satellites as well as in a broad range of electronic parts
integrated within diagnostics used while operating facilities such as
nuclear power plants, particle accelerators,1 high energy,2 high power3

laser beams, and high pulsed power electron or X-ray beams.4–7 These
ESDs may significantly affect the electric signals associated with the
measurements, thus inducing misinterpretation. ESDsmay also induce
thermomechanical degradation.

Spacecraft crossing radiation belts can experience ESD, which are
known as a major cause of satellite anomalies.8,9 In addition to the
mechanical degradation of the irradiated material, ESDs produce an
electromagnetic pulse (EMP) that can disturb or damage spacecraft
electronics such as scientific measurements, communication and navi-
gation systems, and so on. Typical dielectric materials in satellites are
Kapton, FR4, Mylar, PolyEtherEtherKetone (PEEK), or Teflon.10–12

These dielectrics are constitutive of thermal blankets, coaxial cables,
printed circuit boards, connectors, etc. Dielectric charging and induced
ESD can be reproduced in the laboratory with an electron gun or a

particle accelerator.13 ESDs come from the entrapment of high-energy
electrons delivered by the accelerator deeply deposited inside the mate-
rial. Electron accumulation leads to high internal electric fields up to
the disruptive threshold. Breakdown occurs locally, in the vicinity of a
defect in the dielectric bulk. From this defect location, a channel of
ionized species develops into the dielectric extremely rapidly and is
associated with a large electron current density, which leads to the pro-
duction of an electromagnetic pulse14 and a plasma. Plasma analysis is
important to provide an accurate understanding and restitution of the
electromagnetic pulse and replacement currents induced by ESD.

Therefore, in order to quantify the effects of ESD, an experimen-
tally accelerated aging approach is performed in this work by imposing
the magnitude of the dose rate in the dielectric in order to quickly reach
the disruptive threshold of dielectric samples. This approach based on
accelerated aging allows for numerous acquisitions and statistical analy-
sis of the ESD and is motivated by the fact that predicting the occurrence
of ESD is very difficult because it requires the accurate knowledge of (i)
the electron flux impinging the electronics, (ii) the disruptive thresholds
of each irradiated dielectric, which are related to manufacturing pro-
cesses and microscopic defects, and furthermore, (iii) the radiation
induced conductivity (RIC) aging and recovering of each dielectric.15
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Also, concerning the electronics on spacecraft, the prediction of
ESD (occurrence rates and levels) also requires the accurate knowledge
of the electron flux and spectrum in the space environment.
Consequently, the calculations of ESD characteristics may lead to uncer-
tain predictions, and despite many studies on charging processes, ESD
still remains an issue for spacecraft reliability. So, as a complementary
method, the quantification of ESD characteristics performed in this
work may provide suitable information for electronic system hardening.

This work presents an analysis of ESD induced plasmas from
microwave transmission measurements compared to 3D Maxwell cal-
culations. This comparison allows for the determination of the time
and space evolution of the electric conductivity of the plasma. Also,
the results of a 0D collisional radiative model (CRM) are presented,
and plasma parameters such as species densities and average electron
energy are then inferred. The ESDs are produced by irradiation of
dielectrics using a 6.17-MeV electron beam produced by a linear accel-
erator (LINAC).

Section II following this introduction presents the experimental
setup and results. In Sec. III, 3D-Maxwell modeling is described, and
Sec. IV is devoted to the results of 3D Maxwell calculations, which
infers plasma conductivity. Also, the results of CRM calculations are
presented in this section.

II. EXPERIMENTAL SETUP AND RESULTS
A. Experimental setup

This section is devoted to the description of the experimental
setup for the measurements of time resolved ESD induced plasma
electric conductivity, based on microwave transmission across a cavity.

Dielectric samples are irradiated by an electron beam produced
by the linear accelerator Oriatron at CEA-Gramat. This facility has
been described elsewhere14,16 and is used to quantify the vulnerability
of electronics and optics to the ionizing dose. The accelerator provides
4.5 ls monoenergetic electron pulses at 6.17MeV with a repetition
rate of up to 160Hz in our experimental conditions, providing an
average dose rate equal to 330Gy(air)/s and 1.5Gy(air) per pulse at
one meter. The experimental setup is displayed in Fig. 1.

A stainless-steel cylindrical cavity with the length and diameter
equal to 25 cm is located 120 cm from the output window of an

Oriatron accelerator. At this distance, the spatial repartition of the inci-
dent electron flux impinging the cavity is homogeneous. Cylindrical
ports located at 10 cm from the face located in the direct view of the
electron beam provide outlets for vacuum ports and electric diagnostics.
A 2-cm thick steel screen with a 30-cm hole diameter is set to protect
cables dedicated to currents and field measurements. An aluminum
flange located in the direct view of the electron beam is machined to col-
limate the electron beam on a circular disk with a diameter equal to
9 cm. The aluminum flange is 4mm thick within this diameter and
2 cm thick outside. This insures a better protection for the B-dot and
current probes from the electron flux. Electrostatic discharges were
observed in polytetrafluoroethylene (C2F4)n (or PTFE) and polyethylene
(C2H4)n (or PE). Air inside the cavity is evacuated by a turbomolecular
pump, providing a residual air pressure below 10�4 mbar.

Dielectric samples are glued on a copper plate, while the other
face is directly exposed to the electron beam. Dielectric samples have a
diameter equal to 9.6 cm and a thickness of 3 cm. Three nylon rods
and one stainless steel rod sustain the copper plate at 7 cm from the
surface of the cavity located downstream. The thicknesses of the sam-
ples must be greater than the penetration length of the incident
e-beam (which is about 2 cm in PE) in order to allow for electron
implantation, internal charging, and subsequent dielectric breakdown.
In space applications, the charging process of dielectrics is produced
by electrons having a range of energies resulting from a compromise
between abilities to go through the different materials screening the
dielectric on the one hand, and electron penetration lengths lighter
than dielectric thicknesses on the other hand. For example, around
Jupiter, electron energies of up to 11MeV have been reported.17 A
part of this electron flux may contribute to the charging process and
subsequent ESD phenomenon if the constitutive electrons of this flux
experience adequate slowing down.

Before each irradiation, a small hole is performed in the middle
of the dielectric on the face in the direct view of the electron beam.
This defect ensures the location of the arc site, which is suitable for the
alignment of optical diagnostics (see Sec. II C), as well as for the com-
parison of experiments with calculations performed in Sec. IV.

As mentioned in Sec. I, the electron beam energy is equal to
6.17MeV at the output of the accelerator. Before interacting with the
dielectric target, the electron beam flux and the average energy are
decreased by the vacuum/air interface of the cavity constituted by a
4mm-thick aluminum disk. As a consequence, the electron beam
impinging the dielectric can be modeled by a Gaussian profile centered
at 4MeV, with a 0.5-MeV-FWHM (full width at half maximum).14

This experimental layout allows for a homogeneous electron flux on
the dielectric sample equal to 32 nC/cm2/s, providing a maximal dose
rate equal to 35Gy(PE)/s in the dielectric.

It is noteworthy that the current fluxes obtained with our linear
accelerator are higher than the radiative constraints observed in space
environment. For example, in Earth radiation belts, for 1MeV elec-
trons, the current densities are about picoamperes per square centime-
ter, while around Jupiter, it is about a nanoampere per square
centimeter.17 Nevertheless, as mentioned in the Introduction section,
the dose rates put into operation in this work allow for analyzing
numerous ESDs, which are suitable for statistical analysis. The high
dose rate put into operation allows for a rapid increase in the electric
field together with the increase in radiation-induced conductivity,
which is confirmed by Monte Carlo simulation and the doseFIG. 1. Overall experimental configuration.
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calculation in the dielectric (see Ref. 14 for calculations in PTFE).
Assuming a dose rate equal to 35Gy(PE)/s in PE, the radiation
induced conductivity can be estimated from DICTAT (Dielectric
Internal Charging Threat Assessment Tool) database18 to be about
10�11 S/m for PE, which is much larger than the dark conductivity
(about 10�14 S/m). So, radiation-induced effects occur in our high
dose rate experiments, due to the dose rate dependence of RICmodels.
Nevertheless, for spacecraft situations, the facts that the dose rate is
much lower as compared to our experimental situation allow for
recovering effects to occur, which may move forward the cumulative
dose required to produce the ESD.

According to the high energy of the constitutive electrons of the
incident e-beam, the spatial repartitions of the charge and dose rates
deposited in the material occur on the centimeter scale. So, the increase
in the electric field due to charge deposition may only have a little
influence on electron transport and hence on the spatial repartition of
charge and energy deposition. We indeed try to lower the energy of the
incident e-beam by adding a 2-mm-thick aluminum screen upstream
the cavity, but this only decreased the e-beam average energy from 4 to
3MeV, and the electron penetration length from 2.1 to 1.6 cm in PE.19

As a result, the observed effect was a reduction of the ESD occurrence
rate in the same proportion as the reduction of the electron flux.

Replacement currents are measured with a probe (Pearson
8585C) having a transfer function equal to 0.5X in the frequency range
(0.15–250) MHz. The measurement is performed by setting the probe
around the steel rod. The current probe is connected to the oscilloscope
(2.5GHz bandwidth oscilloscope, DPO 7254 from Tektronix) by an
RG223 coaxial cable with a 50 X impedance. The electric signal mea-
sured by the current probe is split via a 6 dB signal divider and
recorded on two oscilloscope channels having different calibers.

A noise generator (NC6112A from Noisecom) delivers a white
Gaussian noise in the frequency band (10�3–2) GHz. The output of the
noise generator is coupled to a B-dot probe (Prodyn RBX30B) through
an air/vacuum electric transition and produces an electromagnetic wave
propagating through the cavity. The B-dot probe is laid flat onto the lat-
eral surface of the cavity and has a derivative behavior of up to 3.5GHz
with an equivalent area equal to 5 � 10�4 m2. A second B-dot probe is
fielded onto the lateral surface of the cavity and collects the transmitted
signal. This B-dot probe is connected to a balanced to an unbalanced
(balun) converter (Prodyn BIB-105F-2M) in order to suppress the com-
mon parasitic coupling to each channel, hence improving the signal-to-
noise ratio. The output of the balun is connected to an amplificatory
(RAMP00G30GA from RF lambda) to improve the level of the collected
signal. The probes are radiation hardened according to the manufacturer
specifications. The probe axes are set collinear to theOy (see Fig. 1).

Figures 2(a) and 2(b) show the microwave signal launched at the
generator output and the Fourier analysis of the transmitted signal by
the cavity without ESD induced plasma.

Figure 2(b) shows that several modes of the cavity are transmitted.
As shown in Ref. 20, both the real and imaginary parts of the electric
conductivity can be determined by simultaneously measuring the
transmission and the shift of a single-frequency signal. However, this
implies a perfect reproducibility of the plasma in the cavity, which is
not the case of ESD induced plasmas. Hence, even if the frequency shift
may occur in our experiment, due to the variation of plasma permittiv-
ity, this has no impact on transmission measurements, because all the
frequencies are launched into the cavity with the same amplitude.

B. Theory of electromagnetic wave absorption

The interaction of microwaves with plasmas and, more specifi-
cally, transmission, reflection, interferometry, and resonant cavity
analysis are used to determine electric conductivity, and with some
assumptions, the electron density and collision frequency of the
plasma.20–23 When a plasma is created in a cavity, the modification of
its quality factor considering an oscillating electric field E rð Þ is given
by the following equation:

1
Q1
� 1
Q0

� �
� 2j

x1 � x0

x0
¼ 1

e0 x0

ð
V

~r r;xð ÞE2 rð Þdrð
V
E2 rð Þdr

; (1)

where e0 is the permittivity of vacuum, Q1 and Q0 are the cavity of the
quality factors with and without plasma, respectively, and x1 and x0

are the resonant frequencies of the considered mode with and without
plasma in the cavity, respectively. The integral is calculated over the

FIG. 2. (a) Microwave signal at the noise generator output launched into the cavity.
(b) Fourier analysis of the signal transmitted by the cavity (without plasma).
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cavity volume, and r is the position in the cavity. ~r r;xð Þ ¼ rre þ j rim

is the complex electric conductivity for a weakly ionized plasma
defined by

~r r;xð Þ ¼ �
4p
3
ne rð Þ e2
me

ð1
0

1
# vð Þ þ jx

df0 vð Þ
dv

v3dv: (2)

This expression is derived in the case of weakly ionized plasmas
where binary collisions between electrons and neutrals governed
momentum transfers.23 ne(r) is the electron density, me is the electron
mass, e is the electron charge, f0ðvÞ is the isotropic part of the distribu-
tion function, and # vð Þ is the collision frequency for momentum
transfers depending on the momentum transfer collision cross section
of carbon C and hydrogen H species with densities nC and nH and
defined by

# vð Þ ¼ nC rm
C v þ nH rm

H v: (3)

The previous relationships can be rewritten by introducing the

complex permittivity of the plasma defined by ~�p r;xð Þ ¼ 1� j ~rðr;xÞ
e0x

,

which allows us to obtain

Dx1

x1
� Dx0

x0

� �
¼ 1

e0x0

ð
V

~rre E
2 rð Þdrð

V
E2 rð Þdr

¼ � 1
e0 x0

ð
V

~�im rð Þe0 x1 E
2 rð Þdrð

V
E2 rð Þdr

; (4)

�2x1 � x0

x0
¼ 1

e0 x0

ð
V

~rim E2 rð Þdrð
V
E2 rð Þdr

¼ 1
e0 x0

ð
V

1� ~�re rð Þð Þe0 x1 E
2 rð Þdrð

V
E2 rð Þdr

: (5)

The previous equations show that the frequency broadening of
the resonant mode is related to the real part of the conductivity,
whereas the frequency shift is related to its imaginary part. In Sec. IV,
the real part of the conductivity is determined from comparison
between transmission measurements and 3D-Maxwell calculations.

C. Transmission and replacement current
measurements

Figure 3 shows the time evolution of the replacement current
induced by an electrostatic discharge, after deconvolution by the cur-
rent probe transfer function.

Figure 3 shows that the current pulse has about a 200ns duration
with a full width at half maximum (FWHM) equal to 25ns. The transmis-
sion measurement obtained from this ESD event is presented in Fig. 4.

In Fig. 4, the electromagnetic pulse generated by the ESD in the
cavity is superposed to the transmitted signal and acts as a transient
perturbation. As mentioned above, the signal represented in Figs. 4(a)

and 4(b) is obtained from two oscilloscope channels. Figure 4(a) is
obtained without a filter, and Fig. 4(b) is obtained with a bandpass fil-
ter connected at the oscilloscope entrance with low and high cutoff fre-
quencies equal to 0.5 and 3GHz, respectively. The bandpass filter
decreases the level of the EMP perturbation. The signals represented
in Fig. 4 are characterized by an attenuation duration of about 10 ls
attributed to the plasma expansion and relaxation.

Figure 5 shows the time evolution of different modes transmitted
by the plasma-filled cavity. This figure is obtained by applying a
Sliding Fourier Analysis (SFA) at different time windows of the signal.
The SFA uses a Gaussian shape that temporally moves on the mea-
sured signal. At each time step, a Fourier analysis of the product of the
measured signal with the Gaussian window is calculated. This analysis
results in the time-dependent spectrum displayed in Fig. 5.

The different resonant modes of the cavity are highlighted, and it
is shown that the transmission dynamics is about the same for all the
different frequencies.

Figure 6 displays the transmission signal of the cavity mode at
0.8MHz, resulting from SFA.

Figure 6 shows that the slope of the microwave signal is
smoothed, which enables the accurate determination of the time evo-
lution of the transmission signal.

Figure 7 displays some transmission signals obtained for different
ESD induced plasmas produced by irradiation of polyethylene show-
ing different values of duration and peak transmission.

Transmission measurements are characterized by a drop occur-
ring within a characteristic time of about hundreds of nanoseconds,
whereas transmission recovery occurs with a characteristic time of
about a few microseconds. These transmission measurements are
characterized by the transmission minimum and duration. In Fig. 8,
the correlation between these characteristics is highlighted. The dura-
tion of the transmission is determined from the full width at half maxi-
mum of the absorption time evolution. Nevertheless, a correlation

FIG. 3. Time evolution of the replacement current induced by ESD number 10
obtained from irradiation #41 in a PE sample.
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between the maximum discharge and the minimum transmission is
not observed.

Figure 8 shows that despite the large dispersion observed, a trend
is put into evidence between the absorption amplitude and the dura-
tion. Discharges without plasma emission are also observed.
According to the dispersion in plasma characteristics from one ESD to
another, we have presented, in Fig. 9, distribution functions of the
maximum of replacement current and absorption.

For PTFE and PE, each characteristic presented in Table I is quite
close, and more specifically, the average absorption duration (equal to
2.1 ls) and maximum absorption (equal to 50%). These results indi-
cate that the plasma conductivities in both materials (PE and PTFE)
may be similar.

In these experiments, the incident e-beam charge and energy,
and more specifically, the induced charge and energy deposition rates
in the dielectric, govern the evolution of the internal electric field in
the dielectric, which is the source term for dielectric breakdown and

hence plasma production. The physical mechanisms involved are sub-
sequently described. The increase in the electric field results in a com-
petition between charge deposition by the incident e-beam and
radiation induced conductivity, which is related to energy deposition
by the e-beam and is responsible for the creation of a conduction cur-
rent that limits the increase in the electric field. Both mechanisms
(charge and energy deposition) can be obtained from the results of
radiation transport calculations (taking into account for incident
e-beam propagation and the production of secondary photons and
electrons) by a Monte Carlo method.

FIG. 4. Time evolution of the transmission measurement across the cavity during
ESD number 10 obtained from irradiation #41 in a PE sample. (a) Raw signal. (b)
Signal filtered by a (0.5–3) GHz bandpass filter.

FIG. 5. Spectrogram of the signal in Fig. 4(a).

FIG. 6. SFA of the signal in Fig. 4(b).
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The time and space evolution of the electric field in the dielectric
can be calculated by solving Poisson and continuity equations, with
charge and energy deposition rates used as source terms.24,25

Radiation-induced conductivity strongly depends on defects at
the submillimetric scale, kinetics of radiation-induced defects, and
recovering, which are related to the manufacturing processes.15,26

These parameters lead to large uncertainties in radiation-induced con-
ductivity and hence on disruptive threshold from a sample to another
and from a manufacturer to another (the values of disruptive electric
fields reported in the literature show large uncertainties27).

As mentioned in Sec. II, the disruptive threshold is reached in the
vicinity of a small hole machined in the middle of the dielectric sur-
face, which is in the direct view of the e-beam. This allows for control-
ling the location of the arc site as electric field line densities increase in

the machined small air cavity characterized by a smaller dielectric con-
stant as compared to PE. This has been checked by performing irradia-
tion of polycarbonate, which exhibits Lichtenberg patterns from the
small hole.14 Even if this caution is efficient to control the location of
ESD, this does not ensure the magnitude of the electric field at break-
down, as shown by the spreading of the distributions represented in
Fig. 9(a).

Once the disruptive threshold is reached, a plasma channel is
produced in the dielectric, where Joule heating takes place, producing
a dense plasma, which subsequently expands into vacuum.28 Even if
the measured replacement current is related to the current density of
the plasma channel,14 the above considerations show that it is difficult
to precisely evaluate the disruptive electric field driving this current.

It is noteworthy that despite the uncertainties in the magnitude
of the electric field at breakdown, the maximum of the replacement
current distributions measured in PE and PTFE differs by a factor of
2.7 [see Fig. 9(a)]. This may be attributed to the differences between
both materials of:

• the charging process leading to the value of electric field magni-
tude at breakdown, which is related to the spatial repartition of
charge and energy deposition, and also radiation induced con-
ductivity, defects, and recovering of the dielectric;

FIG. 7. Time evolutions of transmission measurements across the cavity induced
by different ESDs obtained from irradiation of polyethylene.

FIG. 8. Microwave transmission characteristics.

FIG. 9. Distribution functions of peak replacement current and absorption.
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• electric conductivity of the plasma channel, which is related to
the kinetics of ionization, recombination, and collision
frequency.

So, from our experimental results, it is not possible to quantify
the mechanisms responsible for the differences in current densities of
the plasma channels, and additional dielectric characterizations must
be performed to state on the physical mechanisms governing these
currents.

The dense plasma channel expands into vacuum according to
transport equations coupled to Maxwell equations and is responsible
for microwave absorption in our experiment. The fact that the distri-
bution functions of the maximum of microwave absorption are equiv-
alent for both dielectrics indicates that the conductivities of both
expanding plasmas are similar. This may be attributed to the fact that
conductivities in these expanding plasmas are governed by transport
phenomena (through time and space evolution of plasma densities)
rather than kinetics in the plasmas. Transport phenomena are ana-
lyzed via Maxwell simulations of the expanding plasma in Sec. III.

D. Broadband optical emission spectroscopy

Laser-Induced Breakdown Spectroscopy (LIBS) is a well-known
technique to determine the composition of the irradiated material.29,30

Samples have a known composition; for polyethylene, the C/H ratio is
0.5, and for polytetrafluoroethylene, the C/F ratio is also 0.5. In the
plasma plume, this ratio can vary due to the differences in the kinetics
of the different excited levels of the species densities and due to the dif-
ferent excitation and ionization thresholds of the different species.31

The plasma may essentially contain radicals, monomers, and neutral
and ionic species with C, F, and H elements in vacuum.32

In this work, broadband, low resolution, optical emission spec-
troscopy has been performed to infer qualitative plasma characteris-
tics. Six Si Avalanche Photodetectors (APD120 from Thorlabs) have
been set outside the cavity behind a quartz window. A bundle of six
optical fibers has been set to collect the optical signal. Each fiber was
connected to the photodetectors with interferential spectral filters
(bandpass equal to 10 nm) set between the optical fiber termination
and the Si detector.

Figure 10 represents the time evolution of the different spectral
bin, set by the different filters.

Current signals occur synchronously with optical emission. As
mentioned in Sec. IIA, in order to control the location of the arc site, a

small hole has been performed in the middle of each dielectric sample
on the face in the direct view of the electron beam. These defects con-
strain ESD location, which is required to ensure optical signal collec-
tion by the fibers. Before each irradiation, a laser light is launched into

TABLE I. ESD and absorption signal characteristics in PE and PTFE.

Dielectric material PE PTFE

Number of ESD recorded 149 81
Average absorption duration (full width at half maximum) and standard deviation (ls) 2.1 6 0.9 2.2 6 1.1
Minimal and maximal durations of the absorption signal (ls) 0.3/8.3 0.8/5.3
Average absorption and standard deviation 50% 6 14% 50% 6 15%
Minimal and maximal absorptions 26%/81% 28%/79%
Average peak replacement current and standard deviation (A) 9.9 6 4.6 3.7 6 2.1
Minimal and maximal peak replacement currents (A) 1.2/25 0.8/10
Average full width at half maximum of ESD and standard deviation (ns) 30 6 18 35 6 32
Minimal and maximal ESD FWHM durations (ns) 4/100 3/170

FIG. 10. Optical emission during ESD for (a) PTFE ESD #15-number 8 and (b) PE
ESD #18-number 2.
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each fiber at detection termination. The laser light emitted at collection
termination is centered on the defect produced at the dielectric surface
where ESDs occur. Figure 10 clearly indicates that a continuum is radi-
ated by the plasma, attributed to free-free and free-bound ionic transi-
tions. Therefore, the plasma may be highly ionized during the
discharge stage (about 100ns). So, absorption of the microwave signal
is due to this expanding plasma in the cavity. In Sec. III, the electric
conductivities of ESD induced plasmas are determined by the 3D-
Maxwell calculations.

III. 3D MAXWELL MODELING OF MICROWAVE
TRANSMISSION
A. 3D-Maxwell modeling

In this section, 3D Maxwell modeling is presented in order to
analyze and to reproduce the transmission measurements presented
above using a parametric analysis with the code SOPHIE developed at
CEA/DAM.33 The modeling of the cavity, as well as the generation
and propagation of the microwave signal, is performed. The plasma is
modeled by sampling the cavity volume with several concentric
spheres around the dielectric. Two consecutive spheres defined a shell-
like plasma volume, where a specific time evolution of the electric con-
ductivity is set. The first plasma volume is a half sphere. Figure 11
represents the geometry of the cavity in the plane xOz, as well as the
cavity sampling to define plasma volumes used for plasma modeling.

Figure 11 represents the cavity in the plane xOz with plasma
shells, cables, and antennas to generate and detect microwave signal.
The microwave signal is generated by setting a density current J in two
half cylindrical shells at the termination of the cable located at the right
of Fig. 11. The time evolution of the current density J set in the cable is
represented in Fig. 2(a). At both cable terminations, 50 X resistances
are set to prevent from electromagnetic field emission and induced
parasitic coupling on the coaxial cable used for microwave detection.
Convolutional perfectly matched layers are set to absorb electromag-
netic waves and limit reflection in the calculation volume. Figure 12
represents the spatial repartition of the magnetic field module in the
plane xOz.

Figure 12 shows that our method offers the possibility to excite
the cavity modes and to simultaneously set conductivity in the cavity
volume to model plasma expansion.

B. Plasma modeling

We assume that the plasma electric conductivity has a Gaussian
spatial evolution, according to the spatial evolution of plasma density
determined from several theoretical models,34,35

r r; tð Þ ¼ r0 tð Þ � exp � r
rchar tð Þ

� �2
" #

; (6)

where rcharðtÞ ¼
Ð t
t¼0 vexpandt

0, with vexpan being the expansion velocity
of the plasma, and r0ðtÞ is the averaged value of the plasma conductiv-
ity in the first plasma half-spherical volume (see Fig. 11), which has
the form

r0 tð Þ ¼ r0 exp �4 ln 2ð Þ t � 4tFWHMð Þ2

t2FWHM

( )
; for t < 4tFWHM ; (7)

r0 tð Þ ¼ r0 exp �
t

trelax

� �
; for t > 4tFWHM; (8)

where tFWHM is the full width at half maximum, set to 75ns, in accor-
dance with the time evolutions of optical signals (see Fig. 10). trelax is the
characteristic relaxation time of the plasma conductivity, set to 2 ls.

Figure 13 shows the spatial distribution of the magnetic field
module in the plane xOz. For this calculation, the expansion velocity
vexpan is set to 150 km/s and r0 ¼ 100 S/m.

Equation (6) shows that the expansion velocity is an important
parameter of the model. To determine it, we first analyze the measured
signals, which show that a transmission minimum is systematically
observed at the end of the ESD, i.e., at the average values of 620 and
750 ns after the beginning of the phenomena, respectively, PE and
PTFE. Furthermore, several Maxwell calculations were performed to
quantify the contribution of the expanding plasma volume in the cav-
ity to the transmission signal. For each calculation, the spatial distribu-
tion of the plasma conductivity is determined from Eqs. (6)–(8), with r
ranging from r¼ 0 (the dielectric surface) to r ¼ rmax, while it is
assumed r r; tð Þ ¼ 0 for r > rmax, where rmax is the radius of the last
plasma shell having a non-zero conductivity value. Figure 14 repre-
sents the evolution of the maximum of absorption with respect to
rmax. In this calculation, the parameter r0 [see Eq. (7)] has been set to
320 S/m, in order to provide 100% absorption for rmax.FIG. 11. Cavity modeling with plasma shells.

FIG. 12. Spatial distribution of the module of the magnetic field in cavity, without
plasma.
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Figure 14 shows that absorption measurements can be repre-
sented by the simulation only if the plasma expands in the whole cav-
ity. More precisely, it is observed from Fig. 14 that a plasma with a
Gaussian spatial distribution as defined by Eq. (6) and extending up to
‘char ¼ 10 cm contributes to 90% of the measured absorption. From
the experimental results giving the time of minimum transmission
and ‘char, the velocity of the expanding plasma is about 133 km/s from
measurements with PTFE and 160 km/s from measurements with PE.
These results confirm that absorption is attributed to plasma expan-
sion rather than the expansion of Lichtenberg patterns, which are con-
fined to the dielectric (Lichtenberg patterns were obtained in the bulk
of polycarbonate samples in similar experimental conditions14 due to
deep electron implantation according to high incident electron
energies).

It is noteworthy that optical diagnostics give information on the
dynamic of the hotter plasma core, where the electron temperature is
high enough to produce significant densities of excited states involved
in the optical transitions. In the case of the ablation plasma, it has been
shown that a low ionized plasma surrounds this hot core and is about
twice as large as the size of the inner core.6,36–39 So, the magnitudes of

the expansion velocities determined from the optical imagery may
underestimate the expansion velocity of the low ionized region of the
plasma.

IV. NUMERICAL RESULTS AND ANALYSIS
A. 3D-Maxwell results

Figure 15 displays the time evolution of the measured transmis-
sion signal obtained in the case of ESD number 19 from irradiation
#32 of a polyethylene sample. In addition, the time evolution of the
plasma conductivity r0 set to simulate the measured transmission sig-
nal was plotted. The expansion velocity is fixed to 150 km/s.

We note that the measured transmission signal is not possible
during the electromagnetic pulse, which is synchronous with the light
emission. Consequently, the averaged conductivity in the first plasma
volume deduced from the comparison between measurements and
Maxwell calculations is only valid from the end of the ESD, i.e., when
the plasma relaxation and expansion begin.

Figure 16 displays the evolution of the calculated absorption sig-
nal through the plasma-filled cavity with respect to the electric con-
ductivity r0, in the first half-spherical plasma volume. Two plasma
expansion velocities were considered: 150 km/s and 75 km/s.

From the data given in Table I, absorption measurements are in
the range (25–80%), with an average value equal to 50%. This corre-
sponds to conductivities r0, in the first plasma volume, in the range
(2–150) S/m with an average value equal to 8 S/m, considering a
plasma expansion velocity equal to 150 km/s. Fixing the expansion
velocity of the plasma to 75 km/s leads to conductivities in the range
(3� 102–3� 104) S/m.

In Sec. IVB, the time evolution of the plasma conductivity deter-
mined from the Maxwell equation calculations is compared to the
results of a collisional radiative model.

B. Collisional-radiative model results

A 0D Collisional-Radiative Model (CRM) describing the time-
dependent evolution of the species densities of a plasma mixture con-
taining hydrogen and carbon is used. The CRM model is described in

FIG. 14. Absorption with respect to plasma size rmax.

FIG. 15. Time evolution of the measured transmission signal across the cavity dur-
ing ESD number 19 obtained from irradiation #32 of polyethylene sample, and the
corresponding time evolution of plasma conductivity r0 in the first plasma volume.

FIG. 13. Spatial distribution of the module of the magnetic field in cavity, with a
plasma modeled by vexpan¼150 km/s and r0 ¼ 100 S/m, at t¼ 400 ns after the
beginning of the ESD.
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detail elsewhere.40,41 This model considers that the surface flashover
rapidly desorbs molecules that are then dissociated by energetic elec-
trons. The latter are accelerated by a high electric field (about 20 kV/
mm, according to the disruptive threshold of polyethylene) creating a
nonequilibrium plasma mainly composed of atomic species.

Even if during the flashover, the plasma may be highly ionized,
according to the continuum emission displayed in Fig. 10, fast recom-
bination processes occur, leading to a weakly ionized plasma expand-
ing into the vacuum cavity. So, in the present CRM model, it is
considered that a mixture of carbon and hydrogen atoms on their
ground states is excited and ionized by energetic electrons.

This CRM involves 152 species, which are electrons, atoms (H
and C), ions (H�, Hþ and Cþ), and their excited states, and 1408 reac-
tions: electron-induced excitation, and ionization of ground and
excited states of C; Cþ and H, electron attachment to H, and their
backward or inverse reactions.

The set of basic data required to solve the CRM is calculated
using nonequilibrium electron energy distribution functions (EEDFs),
which have been previously determined from the solution of the mul-
titerm Boltzmann equation42 and pretabulated. Indeed, these EEDFs
are calculated for a large range of electron average energies em and for
different mixtures containing hydrogen and carbon using several pro-
portions of H and C atoms. The reaction coefficients are then calcu-
lated from these nonequilibrium EEDFs as a function of em for each
gas mixture.

The beginning of the simulation (t¼ 0 ns) corresponds to the
beginning of the ESD. During its expansion, the plasma is bounded by
an electronic sheath from which electrons are extracted. Each extracted
electron is replaced by an electron from the plasma in order to ensure
current continuity. Therefore, we assume that the current density
flowing inside the plasma is equal to the current density of the dis-
charge. Considering that the current density Je inside the plasma is
mainly electronic, it can be expressed by the following equation:

Je ¼ qnevd emð Þ: (9)

vd is the electron drift velocity. The electron drift velocities are
obtained from Boltzmann equation calculations, as a function of

electron average energy em. The time evolution of current density
shape Je is set to a Gaussian pulse with an FWHM 75ns width, and
the magnitude is determined from the experimental values represented
in Table I. This current density crossing the surface of the first plasma
volume (see Fig. 11), which is a half-sphere with a 5mm radius, is the
source term of the CRM.

Therefore, starting from an initial electron density at t and a time
evolution of the current density with characteristics described above,
the electron drift velocity is estimated from Eq. (9). The electron aver-
age energy em(t) is deduced from vd(t), via Boltzmann equation calcu-
lations. Then, the time evolution of the different species densities is
calculated from em(t) and the pretabulated reaction coefficients KðemÞ.

In the following, the calculations are made with 70% H and
30% C. The main input parameter is the total initial neutral density N.
The plasma conductivity in the first plasma volume is calculated from

r0 xð Þ ¼
qne vd emð Þ
E emð Þ

; (10)

where E ðemÞ is the electric field within the nonequilibrium plasma.
From the time of maximum electric conductivity, the evolution

of the conductivity is set to an exponential law with a characteristic
time equal to 2 ls, according to measurements and Maxwell calcula-
tions reported in Fig. 15,

r0 xð Þ ¼
qne vd emð Þ
E emð Þ

����
t¼140 ns

� exp � t
trelax

� �
: (11)

From this conductivity value, which is imposed in the model, the
other plasma parameters such as vdðemÞ, em, and the densities are
inferred. Calculations are performed in order to fit the range of conduc-
tivities determined by 3D Maxwell calculations. The different parame-
ters deduced from these calculations are summarized in Table II.

As mentioned in Sec. IIC, large dispersion is observed when plot-
ting the discharge current against minimum transmission measure-
ments. Hence, Table II represents the results of the 0D CR model
considering the whole range of conductivities and ESDs.

From the results of Table II, the mean free path k of the electrons
does not exceed the thickness of the plasma shells. This validates our
model and more specifically the hypothesis of a collisional plasma in
each shell defined for Maxwell calculations.

In Table II, some parameters cannot be calculated, and more pre-
cisely, when the neutral density decreases, the collision frequency
decreases and hence the electron average energy increases. For exam-
ple, when the electron current is fixed to 1A, the electron average
energy leading to a plasma conductivity equal to 150 S/m is much
greater than 1000 eV. This leads to a mean free path much larger than
the plasma shells, which involves that our model is no longer valid in
these conditions.

The calculations performed with this 0D CR model allow for the
determination of different plasma parameters. Figure 17 exhibits the
temporal maximum of electric conductivity and average electron
energy with respect to neutral density for i¼ 25 A.

Plasma parameters obtained from the calculations with the CRM
for i¼ 25 A, neutral density N¼ 3� 1016 cm�3 (r0¼ 40 S/m) are dis-
played in Figs. 18 and 19.

The CRM gives a maximum of the electron average energy equal
to 14.4 eV. This high average electron energy reported in Fig. 18 is

FIG. 16. Absorption with respect to r0, the plasma conductivity in the first volume.
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consistent with the results of ESD analysis from optical spectrometry
done in Ref. 32, as well as our broadband spectrometry measurements
represented in Fig. 10. Figure 18 also exhibits that the total duration of
electron average energy is equal to the duration of the electron current
density used as the source term of the CRM. On the contrary, the elec-
tron density decreases slowly, with a characteristic time decay equal to
2 ls. This decrease is attributed mainly to the electron attachment
reaction rate to H atoms and transport phenomena.

Figure 19 compares the time evolutions of the electric conductiv-
ity, in the first plasma volume, determined from the CRM and from
Maxwell calculations.

Figure 19 shows that reliable results are obtained for the plasma
electric conductivity with the CRM and Maxwell calculations, which
validate the different assumptions of the model and, more specifically,
the neutral density N and the expansion velocity.

Moreover, different gas mixture compositions have been investi-
gated, assuming a predominant proportion of hydrogen. The consid-
ered background gas mixtures are (50% Hþ 50% C), (60% Hþ 40%
C), (70% Hþ 30% C), and (80% Hþ 20% C), which affect the con-
ductivity by 10% with a neutral density equal to 1016 cm�3.

V. CONCLUSION

In this work, a quantitative characterization of ESD-induced plas-
mas inside a cavity under vacuum is performed. In the first step, the
electric conductivity of the plasma is determined from the comparison

TABLE II. Input and output parameters of the 0D CRM calculations.

Conductivity i¼ 1 A i¼ 10 A i¼ 25 A

r0 ¼ 3 S/m CRM input N ¼ 1 � 1016 cm�3 N ¼ 2 � 1017 cm�3 N ¼ 5 � 1017 cm�3

CRM output ne ¼ 1 � 1011 cm�3

em ¼ 15.8 eV
k ¼ 123 lm

ne ¼ 2.5 � 1012 cm�3

em ¼ 7 eV
k ¼ 71 lm

ne ¼ 7 � 1012 cm�3

em ¼ 6.1 eV
k ¼ 62 lm

r0 ¼ 40 S/m CRM input N ¼ 7 � 1015 cm�3 N ¼ 3 � 1016 cm�3

CRM output ne ¼ 1.1 � 1012 cm�3

em ¼ 36 eV
k ¼ 181 lm

ne ¼ 5 � 1012 cm�3

em ¼ 14.4 eV
k ¼ 117 lm

r0 ¼ 150 S/m CRM input N ¼ 5 � 1015 cm�3

CRM output ne ¼ 2 � 1012 cm�3

em ¼ 63 eV
k ¼ 249 lm

FIG. 17. Peak conductivity and electron average energy with respect to neutral
density for i¼ 25 A.

FIG. 18. Time evolution of the electron mean energy (a) and electron density (b)
obtained with the CRM model for N¼ 3� 1016 cm�3 and i¼ 25 A.
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between transmission measurements of a microwave signal through
the cavity and 3D Maxwell calculations. The spatial evolution of the
conductivity is assumed Gaussian, while the expansion velocity of the
plasma is around 150 km/s, based on measurements and 3D Maxwell
calculations.

A CRM model is also used to fit the time evolution of the con-
ductivity in the first plasma volume. It highlights the importance of
attachment reactions and transport to decrease electron density within
a characteristic time of about few microseconds. Moreover, the CRM
model restitutes some plasma parameters such as the neutral species
densities desorbed by the discharge (between 1016 and 1018 cm�3), the
electron average energies (between 5 and 60 eV), and the electron den-
sities (between 1012 and 1013 cm�3).

These results are important to perform a precise characterization
of the electromagnetic constraints associated with the electrostatic dis-
charge for satellite hardening. Moreover, the method of plasma char-
acterization reported in this work may be used to validate
experimental as well as numerical determination of thermal and
mechanical constraints induced by the discharges, and related material
vulnerability to these effects.
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