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Mechanism of formation of subnanosecond current front in high-voltage pulse open discharge
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The mechanism of subnanosecond current front rise observed previously in the experiment in high-voltage
pulse open discharge in helium is studied in kinetic particle-in-cell simulations. The Boltzmann equations for
electrons, ions, and fast atoms are solved self-consistently with the Poisson equations for the electrical potential.
The partial contributions to the secondary electron emission from the ions, fast atoms, photons, and electrons,
bombarding the electrode, are calculated. In simulations, as in the experiment, the discharge glows between two
symmetrical cathodes and the anode grid in the midplane at P = 6 Torr and the applied voltage of 20 kV. The
electron avalanche development is considered for two experimental situations during the last stage of breakdown:
(i) with constant voltage and (ii) with decreasing voltage. For case (i), the subnanosecond current front rise is
set by photons from the collisional excitation transfer reactions. For the case (ii), the energetic electrons swamp
the cathode during voltage drop and provide the secondary electron emission for the subnanosecond current rise,
observed in the experiment.
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The mechanism of development of breakdown in gas is the
fundamental problem of the gas discharge physics, attracting
considerable attention for the last decade (see, for example,
[1,2]). Nevertheless, some new experimental observations
could not be described in the framework of existing physical
models and give us new material for discussion. For example,
the current amplitude of 28 kA with the current front rise of
500 A/cm2 ns was measured in Ref. [3] in a high-voltage
pulse open (HVPO) discharge. So fast subnanosecond current
front rise is a unique property of the HVPO discharge and
the mechanism of its ignition is unknown. The discharge with
such characteristics can be used for generation of high-energy
electron beams or as a new subnanosecond electrical switch,
triggering the voltage of a few tens of kilovolts.

In this work, in particle-in-cell (PIC) simulations, we study
the mechanism governing the subnanosecond breakdown in
HVPO discharge for the conditions of the experiment [3].
Recently, the breakdown development at times of tens of
nanoseconds is investigated in PIC simulations in various gases
and a wide pressure range (see, for example, [4–7]). In these
works, the physical approach is restricted to electron and ion
kinetics only and electron avalanche is created due to electron
impact ionization. The inclusion of ion impact ionization and
the secondary electron emission (SEE) by ions from a cathode
surface in the physical model of He breakdown was made, for
example, in [8], in order to simulate the particular shape of
the Paschen curve. As a next step in the understanding of a
breakdown mechanism in He, the fast atoms were included
in the PIC model in [1]. The authors concluded that the
fast atoms play a key role in discharge development due to
their essential contribution to the SEE. The roles of different
elementary processes with ions and fast atoms in the shape
of the Paschen curve were analyzed. The PIC simulations
of stationary high-voltage (HV) discharge in He [9] also
confirmed that fast atoms make an important contribution to
SEE. Similar conclusions were made in Ref. [2], using an
analytical model.

Previously photoemission was not considered as a possible
candidate for the breakdown in dc discharge. The photoemis-
sion coefficient, measured in clean vacuum conditions [10],
was very small, γph ≈ 0.03–0.05. Nevertheless, it is known
[10,11] that in HV discharges, the surfaces treated by energetic
heavy particles are contaminated. Under these conditions the
γph can be an order of magnitude larger than that in vacuum.
The SEE coefficients for photons, ions, and fast atoms were
revised in Refs. [12,13] in HV discharge experiments. The
value of γph = 0.3 was found for the resonant line of He (58.4
nm). For fast atoms, the SEE had a lower energy threshold of
kinetic emission due to the atom absorption and implantation.

In this work, we developed the following model for kinetic
simulation of the HVPO discharge in helium. The system
of equations includes the Boltzmann equations for electrons,
ions, fast atom distribution functions, and the Poisson equation
for the electrical potential. All equations are solved self-
consistently. The collisional integral in the right part of the
Boltzmann equations includes elastic and inelastic collisions
of colliding particles with background atoms. For electrons
the angle of scattering and energies after ionization collision
depends on the energy of colliding electrons [14]. For the
electrons, three types of collisions are considered: (a) elastic, or
momentum transfer [15], (b) excitation [16], and (c) ionization
[16]. For He+ ions, four types of collisions are taken into
account: (a) isotropic and (b) backward elastic scattering [17],
(c) excitation [18], and (d) ionization [19]. For the fast atoms
Hef four types of collisions are included: (a) elastic scattering
[20], (b) excitation [21], (c) ionization [22], and (d) collisional
excitation transfer (CET), Hef + He∗ = He∗

f + He, where
He∗ is an atom excited by electron impact. The cross sections
for heavy species are shown in Fig. 1. The cross section of CET
from ground to resonant state (1S-1P ) is σr = 2.25πe2μ2/�v

[23], where v is the relative velocity of colliding atoms
and μ is the transition dipole matrix element between the
S and P states. In helium, the 11S-21P CET reaction has
σr = 4.6 × 10−14/

√
εa , cm2 [24], where εa is the fast atom
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FIG. 1. Cross sections for He+ ions and Hef fast atoms in helium
as a function of the energy of colliding particles. For ions: isotropic
and backward elastic scattering (1), excitation (2), ionization (3). For
fast atoms: elastic (4), excitation (5), ionization (6), CET (7). Inset
shows the sketch of the experimental setup, cathode (1), anode grid
(2), separating dielectric plates (3), and lead-in (4).

energy in eV. The fast atoms Hef appear due to scattering of
ions on background atoms. We include into consideration only
the fast atoms with the energy εa > 1 eV.

In our model, the ions, fast atoms, and electrons (with
the energy εe > ε0), crossing the anode grid, are lost with
the probability of 0.02, since the transparency of the grid in the
experiment is 98%. The anode grid is supposed to be negatively
charged and the electrons with the energy εe < ε0 are reflected
from the grid. In simulations, the value of ε0 ranged from 100
to 300 eV and we did not find a visible difference in electron
avalanche development for various ε0.

We assume that only the photons with a Doppler shift (DS)
can reach the cathode surface during breakdown and provide
the photoemission. The Doppler shift of radiated photons is
provided by the momentum transfer during reaction between
heavy particles. In our simulation, the Doppler shifted photons
appear due to three reactions: excitation of background atoms
(1) by ions, (2) by fast neutrals, and (3) in the collisional
excitation transfer between excited atoms and fast neutrals. In
our model, the DS photons instantly reach the cathode after
the excitation since they propagate in plasma as in vacuum
without reabsorption. In contrast, the photons, radiated after
the excitation by electron impact, are trapped in the plasma
due to the multiple reabsorption and do not reach the cathode
during breakdown.

In simulations as in the experiment [3], the discharge glows
in a narrow gap (d = 0.6 cm) between two cathodes and a
grid anode in the midplane (see inset in Fig. 1). The cathode
area is large, 16.8 cm × 3 cm, and it allows us to use a
one-dimensional model. The gas pressure is P = 6 or 15 Torr.
The voltage on the cathode, U (t) = U0 sin(π/4 × t/t∗), first
increases during t < t∗ = 60 ns up to the maximum value
of −20 kV (or −13 kV). Then at t > t∗ two different
experimental situations can take place. We consider case
(i), when the voltage remains constant during breakdown,
U (t) = U0, and case (ii), when the voltage changes from the

FIG. 2. Potential profiles (1,2,3) and fast atom energy distribu-
tions (4,5,6) for different times, t = 44 ns (1,4), 52 ns (2,5), and 60 ns
(3,6) for P = 6 Torr. Inset shows the electron emission yield γi for
ions (1) and γa for fast atoms (2) from experiments [12] (triangles, in
HV discharge) and [25] (circles, in vacuum).

maximum to −100 V during 0.5 ns during breakdown. In
simulations we take the coefficients γi and γa [12] shown in
the inset in Fig. 2, γph = 0.3 and γe = 0.5 (SEE by electrons).
The simulation grid is uniform with �x = 0.001 cm, which is
less than the Debye length. The time step is �t = 5 × 10−16 s.
It is restricted by the Courant number (�x/ve = 10−12 s)
and the plasma frequency (ωe = 1012 s−1). The number of
pseudoparticles for every species is 1.5 × 104 in the beginning
of simulation. Then during the electron avalanche development
the initial weight of pseudoparticles is recalculated to avoid
the exponential growth of the number of pseudoparticles. At
the final stage of calculation the number of pseudoparticles
increases up to 106.

We start simulation with the plasma density equal to ne =
ni = 105 cm−3. At the beginning the electrical potential has
a linear distribution between the anode and cathode. With
the growth of the plasma density, the quasineutral area first
appears in the center of discharge and then extends to the
cathode direction. In Fig. 2, the electrical potential profiles
and the fast atom energy distribution are shown for different
times. As seen from the potential profiles, the sheath forms
near the cathode (placed at Z = 0.3 cm). The electrons emitted
from the cathode gain the energy, crossing the cathode sheath,
where the electrical field strength is large. Since the anode grid
is practically transparent, the electrons oscillate between two
cathodes providing a high ionization rate.

Case (i). First, let us consider the evolution of current
when the voltage remains constant during the breakdown, i.e.,
U (t) = U0 for t > t∗. In Fig. 3(a), the ion ni and fast atom na

density profiles are shown for various stages of ignition. Since
the ion free path is lex ≈ 0.0025 cm, an ion can produce 10–40
fast atoms within the cathode sheath. Therefore the density
of fast atoms is larger than that for ions [see Fig. 3(a)]. In the
bulk plasma, the electron density ne ≈ ni , but within the sheath
ne � ni , since the density of the emitted electrons from the
cathode surface is small. The density of atoms He∗ excited by
electron impact is about 20% higher than the plasma density.
In Fig. 3(b), the excitation rates by ions, fast atoms, and in
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FIG. 3. (a) Ion and fast atom density distributions for different
times, t = 52 ns, ni (1) and na (2), t = 56 ns, ni (3) and na (4),
t = 60 ns, ni (5) and na (6). (b), (c) Volume production rate of DS
photons νph, by ions (dashed curves), fast atoms (dash-dotted curves),
and in collisional excitation transfer reactions (solid curves), at t = 56
ns (b) and 60 ns (c).

CET reactions are shown for two times. For t = 56 ns the DS
photon productions from different channels are comparable,
but for t = 60 ns the CET reaction (Hef + He∗ = He∗

f + He)
dominates.

We have found three stages of the breakdown. In Fig. 4(a),
the SEE currents from the cathode due to the bombardment
by DS photons je

ph, ions je
i , and fast atoms je

a are shown. The
contribution from the electron bombardment is negligible for
case (i). In the first stage of breakdown, at t < t1, the SEE is
set by the DS photons. These DS photons appear due to the
excitation of background gas by fast atoms and ions within the
cathode sheath, where the energy of heavy particles is large
(see Fig. 2). Note that the excitation rate by ions is much less

FIG. 4. Secondary electron emission currents from cathode due
to the bombardment by photons (solid curve), ions (dash-dot-dotted
curve), fast atoms (dash-dotted curve), and electrons (dashed curve)
vs time for case (i) (a) and for case (ii) (b). Symbols are the
total current from [3]. The arrows point out the different stages of
breakdown.

than by fast atoms. The general role of ions is the production
of fast atoms. In the second stage of breakdown, at t1 < t < t2,
je

ph ≈ je
n ≈ 2 × je

i . In the third stage, at t > t2, the SEE current
is again determined by the flux of DS photons to the cathode
surface, but these photons appear from another type of reaction
when compared to the first stage. The accumulation of the
excited atoms He∗ and the fast atoms Hef in the discharge
volume leads to an increase of the rate of CET reaction, Hef +
He∗ = He∗

f + He. It becomes the most important source of the
DS photons, which can reach the cathode without reabsorption.

The density of excited atoms He∗ rises with time because
of the high electron excitation rate, low diffusion losses, and
multiple reabsorption of photons radiated by excited atoms
He∗. The characteristic times of losses of He∗ due to diffusion
on the electrodes and the photon transport to the cathode are
much greater than the breakdown time. The production of DS
photons by fast atoms becomes smaller during breakdown. The
energy of fast atoms exceeds the excitation threshold only in
the cathode sheath (see Fig. 2), which becomes narrower with
an increase of the plasma density.

We have performed additional calculations of the break-
down development without CET reaction to estimate its
contribution in current development. We found that at this
condition the current is not able to exhibit the growth rate
of 500 A/cm2 ns. We also analyzed the effect of the step
ionization and the ionization from collisions of two excited
atoms on the electron current evolution. Our calculation results
showed that these processes made a weak contribution in the
ionization rate for our parameters.

Case (ii). Let us consider the SEE evolution during
breakdown when the voltage drops. In Ref. [3], the voltage
changes from −20 kV (or −13 kV) to −100 V during 0.5 ns
when the current starts to grow. In case (ii), the scenario of the
third stage of development of electron avalanche is completely
different from case (i). In Fig. 4(b), the evolution of SEE
currents calculated and measured in [3] is shown. One can see
that the SEE current from the electron bombardment dominates
in the third stage of breakdown. With decreasing voltage, the
high-energy electrons begin to swamp the cathode surface.
The number of these electrons is large, since the frequency of
electron inelastic collisions is 1010 s−1, and the thermalization
of the 20 kV electrons lasts about 100 ns. In this case the SEE
by electrons determines the electron avalanche development
[see Fig. 4(b)].

In conclusion, the mechanism of electron avalanche de-
velopment in HVPO discharge in helium has been studied in
kinetic PIC simulations for the conditions of the experiment
[3]. The discharge glows between two symmetrical cathodes
and the anode grid in the center at P = 6 Torr (or 15 Torr)
and the applied voltage of 20 kV (or 13 kV). The ignition of
HVPO discharge has been considered for two experimental
situations when during breakdown the voltage is constant
[case (i)] and changes from −20 kV (or −13 kV) to −100
V [case (ii)]. The partial contributions of fluxes of photons,
ions, fast atoms, and electrons on the cathode to the SEE were
calculated.

We have found three stages of the breakdown development.
In the first stage, the SEE is provided by DS photons from
the excitation of background atoms by fast atoms. In the
second stage, these photons, fast atoms, and ion fluxes on
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the cathode contribute equally to the SEE. In the third stage,
the mechanism of electron avalanche is different for the ex-
perimental situations with the constant voltage and decreasing
voltage. For case (i), the subnanosecond current front rise is set
by CET reaction, Hef + He∗ = He∗

f + He. For case (ii), the
energetic electrons swamp the cathode during voltage decrease
and provide enhanced SEE for the subnanosecond current
rise, observed in the experiment [3]. Both in simulations
and in experiments the gas pressure changed from 6 Torr
to 15 Torr. With increasing P , the frequencies of collisions
rose and the time interval t1 became smaller [see Fig. 4(a)].
This is explained by more rapid accumulation of fast and
excited atoms. The change of the voltage from 20 kV to

13 kV did not give a visible effect to the electron avalanche
dynamics.

Note, that the large value of γph = 0.3 measured for
our discharge conditions in [12] is very important for the
description of a subnanosecond breakdown scenario. The
variation of γi and γa is not so critical, since they determine
the current growth only at the second stage, t1 < t < t2.
The value of the γe is important only for case (ii) and
γe > 0.5 provides the current growth rate observed in the
experiment.
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