JOURNAL OF APPLIED PHYSICS 111, 013306 (2012)

Numerical simulation of the pre-ionization processes during
nanosecond-pulse discharge in nitrogen
D. Levko,a) V. Tz. Gurovich, and Ya. E. Krasik
Department of Physics, Technion, 32000 Haifa, Israel

(Received 4 October 2011; accepted 23 November 2011; published online 13 January 2012)
The pre-ionization of nitrogen gas by high-voltage nanosecond pulse discharges is studied using
one-dimensional particle-in-cell numerical simulations. The comparison between the various
mechanisms of pre-ionization, i.e., by runaway electrons, x-rays, and ultraviolet radiation, is
presented. It is shown that runaway electrons produce a much higher number of electron-ion pairs
than those generated by x-rays, which accompany the process of runaway electron generation.
Also, results of simulations showed that among photo-ionization mechanisms the most signiﬁcant
gas pre-ionization is caused by x-rays generated in the process of impact ionization of the K-shell
C 2012 American Institute of Physics. [doi:10.1063/1.3675439]
of nitrogen atoms. V

Nowadays, nanosecond time scale high-voltage (HV) gas
discharges are used in various applications, for instance, x-ray
generation, laser pumping, pressurized gap spark switches,
and so on.1 Such discharges are characterized by the velocity
of the ionization front propagation, up to �109 cm/s, which is
explained2–5 by the pre-ionization of the discharge gap by runaway electrons (RAE). The latter are generated during the rise
time of the discharge current in the vicinity of the cathode.
The propagation of RAE across the cathode-anode (CA) gap
leads to the generation of a dilute plasma, i.e., pre-ionization
of the CA gap. Recent experiments6–11 also showed that nanosecond discharges are accompanied by x-rays ﬂuxes generated
by RAE interaction with the anode and background gas atoms
and molecules inside the CA gap. These x-rays ﬂuxes can
photo-ionize the gas and could affect the temporal and spatial
evolution of the gas discharge.
The ﬁrst experimental observation of photo-ionizing radiation formed by avalanching electrons was reported by
Raether12 in experiments of gas discharge supplied by a HV
pulse with duration of �10�7 s. The experimental results
showed a signiﬁcant deviation from the theoretically predicted
absorption coefﬁcients, which makes these results questionable.13 Lozanskij and Firsov13 proposed a mechanism of photoionization based on the process A* þ B ! ABþ þ e, where A* is
the excited atom, B is the atom, ABþ is the molecular ion, and e
is the electron. However, this mechanism describes the discharge formation with a time scale of �10�7 s, and therefore it
cannot be considered for the nanosecond time scale gas
discharges.
There is another possible photo-ionization mechanism
that is used to describe the gas discharge. This mechanism
considers molecules C and D having different ionization
potentials.14 Namely, if the ionization potential of molecule
D is smaller than the excitation energy of molecule C, then
the electron-ion pairs could be generated in the processes:
C þ e ! C* þ e ! C þ e þ hm ! D þ hm!Dþ þ e. However,
this mechanism cannot provide efﬁcient pre-ionization of the
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CA gap in nanosecond time as the typical spontaneous emission times of excited atoms and molecules exceed 10 ns.13,14
Also, this mechanism does not explain the high velocity of
the ionization wave propagation. Indeed, in their report of
experiments where the propagation of the cathode-directed
streamer in the N2-O2 mixture was studied, Starikovshii
et al.15 stated that photo-ionization processes could provide
an ionization front velocity of only �107 cm/s.
Kozyrev et al.9 studied the sub-nanosecond discharge at
atmospheric pressure and obtained that RAE generate the
characteristic radiation of oxygen and nitrogen. It was suggested that this characteristic radiation efﬁciently generates
secondary electrons and could be responsible for the formation of the diffusive instead of streamer-like discharge.
This paper presents the results of a comparison between
different mechanisms of pre-ionization of the discharge gap
ﬁlled with molecular nitrogen at atmospheric pressure during
HV nanosecond discharge. It is shown that the pre-ionization
of the gas by the photons having characteristic radiation is
indeed the most efﬁcient process among other photoionization mechanisms, although this mechanism is signiﬁcantly less efﬁcient than pre-ionization by RAE.
In order to study the processes accompanying the nanosecond discharge, one dimensional particle-in-cell (1D PIC)
simulations were used.16 A coaxial diode ﬁlled with N2 gas
at 105 Pa pressure and with cathode and anode radii of 3 lm
and 1 cm, respectively, and length of 1 cm was considered.
Brieﬂy, the sequence of 1D PIC simulation was as follows:
(a) solution of the Poisson equation at the beginning of each
time step for new electron and ion space charge densities and
for new boundary conditions: zero anode potential and
cathode potential varying in time as uc ¼ �u0 sin ð2p � t=TÞ,
where u0 ¼ 120 kV is the maximal cathode potential and
T/4 ¼ 0.5 ns is the rise time of the cathode potential; (b) calculation of the number of emitted electrons, which was
deﬁned by ﬁeld emission (FE) governed by the FowlerNordheim (FN) law14; (c) study electron elastic and inelastic
collisions17 (ionization, ionization of K-shell, bremsstrahlung, and excitation of the electron levels A3Ruþ and C3Pu)
using the Monte-Carlo methods and, in addition, electron
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scattering forward and backward was considered as well;
and (d) particles weighting on the spatial grid and returning
to step (a). The time step of 10�14 s allows us to consider
electrons propagating only a part of the mean free path during one time step.
Figure 1(a) shows the time dependence of RAE numbers
with the energies ee � 1 keV and ee � 20 keV propagating
inside the CA gap. One can see that the generation of RAE
with ee � 20 keV is terminated during the HV pulse rise time,
whereas the insigniﬁcant generation of RAE with ee � 1 keV
continues even when the cathode potential decreases. These
data are explained by the formation of the virtual cathode
(VC), which screens the FE of electrons and terminates the
generation of RAE with ee � 20 keV in the vicinity of the
cathode.16 The time of the VC formation at the considered
conditions is tVC�0.24 ns. When the electric ﬁeld at the VC
location toward the anode exceeds 4.5 � 105 V/cm, the VC
becomes the source of RAE. However, the electric ﬁeld at VC
is not sufﬁcient to produce high-energy (ee � 20 keV) RAE
and the majority of RAE obtain energy 20 keV � ee � 1 keV
[see Fig. 1(c)]. In Fig. 1(c), the time t � 0.5 ns is selected
because at that time the potential at the cathode reaches its
maximal value. Figure 1(b) shows that the time evolution of
the number of electron-ion pairs dNeI/dt produced by the electrons with ee � 1 keV and ee � 20 keV per time step follows a
time evolution of NRAE.
In order to estimate the largest number of electronically
excited N2 molecules generated in the considered conditions,
the additional channel of inelastic electron energy losses was
considered in the simulations, namely, the excitation of the
N2(C3Pu) [hereafter denoted as N2(C)] energy level. The
excitation cross-section of N2(C) is the largest among the
excitation cross-sections of levels whose deexcitation results
in ultraviolet radiation.17 In addition, the N2(C) excitation is
an important component in N2 gas discharge kinetic processes.14 It was shown that the radiation of N2(C) has the
greatest intensity among the other species in sub-nanosecond
discharges.9 Figure 1(c) shows the radial distribution of
N2(C) inside the CA gap at t � 0.5 ns and the potential distribution at the same time. One can see that the largest number
(�8 � 109) of N2(C) is excited inside the potential well
(KOK*), where one obtains also the largest number of electrons with ee � 11 eV, i.e., with the energy of excitation of
N2(C). However, simulation results showed that the largest
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number of N2(C) generated per time step along the whole
CA gap does not exceed �5 � 105, i.e., the electronically
excited N2 molecules cannot produce the number of
UV-photons sufﬁcient for gas pre-ionization at the considered time scale. Also, the UV-radiation of electronically
excited ions N2þ cannot sufﬁciently pre-ionize the gas
because of smaller excitation cross-sections of N2þ ions as
compared with excitation cross sections of N2, and the lower
density of N2þ than of N2 molecules.14
Another possible source of ionizing radiation inside the
CA gap is the radiation of electrons being accelerated in the
extremely high electric ﬁeld in the cathode’s vicinity. The
emitted energy in the frequency interval dx/2p is determined
by the Fourier component of the dipole moment,18 which is
deﬁned as d ¼ eat2/2. Here e is the electron charge, a is the
electron’s acceleration, and t is the time. Thus, the electromagnetic energy emitted in the frequency range dx is
dEx ¼

16e2 a2 dx
:
3c3 x2 2p

(1)

Here c is the light velocity. One can estimate the maximal
value of the electric ﬁeld considering one micro-protrusion on
the cathode surface and its explosion. The current density of
electrons emitted by this micro-protrusion can be estimated as
j2 � h=td , where h ¼ 1:4 � 109 A2 s=cm4 is the action integral
of iron, and td is the delay time of this micro-protrusion explosion.1 Assuming that the micro-protrusion emitting area is
�6.3 � 10�8 cm2 and that the time delay is equal to the HV
rise time of 0.5 ns, one obtains from the FN law that the electric ﬁeld Emax � 4.7 � 107 V/cm and the total number of emitted electrons during the delay time is Nmax � 3.3 � 1011. To
ionize N2 molecules (ionization energy is �16 eV), one
requires photons with frequency x0 � 2.6 � 1016 s�1. Integrating Eq. (1) in the range (x0,1) one obtains that the maximum
energy emitted during the acceleration of one electron is
e0 ¼ 2 � 10�28 J, and total energy emitted by the electrons is
Nmax�e0 � 6.6 � 10�17 J � 400 eV. Thus, one obtains that only
�25 photons with energy sufﬁcient for ionization of N2 molecules can be emitted by this process. Now, supposing that
there are up to 104 micro-protrusions,1 one obtains a total
number of high energy photons of �2.5 � 105. Even if all of
these photons ionize molecules, the number of generated
electron-ion pairs will still be signiﬁcantly smaller than the

FIG. 1. (Color online) (a) Time dependence of the total RAE number inside the CA gap with energies � 1 and � 20 keV; (b) time dependence of electron-ion
pairs generated per time step by RAE with energies � 1 and � 20 keV; and (c) space distribution of the potential and N2(C) number at t � 0.5 ns.
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FIG. 2. (Color online) (a) Electric ﬁeld distribution
in the CA gap at t � 0.23 ns; (b) time dependence of
the numbers of x-rays emitted from the anode and
electron-ion pairs generated per time step inside the
CA gap by RAE with ee � 1 keV; time dependence
of the energy emitted by x-rays from the anode (blue
dotted line).

number of secondary electrons produced in inelastic collisions
by RAE and N2 molecules. Let us note also that the electric
ﬁeld is not uniform inside the CA gap. Figure 2(a) shows the
electric ﬁeld distribution in the CA gap at t � 0.23 ns, i.e., immediately before the VC formation. At this time the electric
ﬁeld at the cathode almost reaches its maximum value. One
can see that E already decreases by an order of magnitude at a
distance of �0.01 mm with respect to the cathode. This leads
to a decrease by 2 orders of magnitude in the number of photons that could ionize neutrals.
High energy x-rays are also produced when RAE penetrate the anode. A total x-ray energy per unit time produced
in the anode by RAE with energies ee can be estimated following Kremnev and Kurbatov5:
dW ¼ kZe2e � ðeNRAE =dtÞ � exp ð�lðkÞ � dÞ:

(2)

Here d is the anode thickness, k ¼ 10�3 V�1, Z is the atomic
charge of the anode material, eNRAE/dt is the current of RAE
with energy ee entering the anode, and l(k) is the absorption
coefﬁcient for x-rays with wavelength k.19 In the model, the
anode considered was made of aluminum foil with a thickness of d ¼ 12.5 lm. Figure 2(b) shows the comparison
between the numbers of photons emitted from the anode and
electron-ion pairs generated in the CA gap by electrons with
ee � 1 keV per time step and the energy of x-rays emitted
from the anode per time step. Here, the number of photons
was estimated as the energy calculated from Eq. (2) divided
by the ionization energy of N2 and by a factor of 2, which
takes into account that only a half of the generated photons
are emitted into the CA gap. One can see [Fig. 2(b)] that the

maxima of the electron-ion pair and photon numbers are
shifted in time. The ﬁrst maximum appears when the number
of RAE with ee � 1 keV reaches the maximum value, which
coincides with the time of VC formation. The space distributions of the electrons with ee � 1 keV at t ¼ tVC � 0.24 ns and
at t � 0.32 ns are shown in Figs. 3(b) and 3(c). One can see
that the VC terminates the generation of electrons with
ee � 1 keV. In Figs. 3(b) and 3(c) the times t � 0.24 ns and
t � 0.32 ns were selected to show the space distribution of
electrons with the ee > 1 keV at times when the VC is formed
and after its formation. The maximum of number of photons
appears when one obtains the largest RAE ﬂow at the anode
during one time step. Nevertheless, the number of photons
emitted from the anode is signiﬁcantly smaller than the number of electron-ion pairs generated by RAE. Thus, the x-ray
photons generated by RAE interaction with the anode cannot
pre-ionize the gas more efﬁciently than the RAE.
Kozyrev et al.9 proposed gas pre-ionization in the CA
gap by soft x-rays generated by RAE bremsstrahlung radiation on the nuclei of atoms and K-shell impact ionization of
atoms, which results in characteristic radiation. The total
cross-section of bremsstrahlung radiation is9:
�
�2 �
�
8e2 Ze2
2mv20
2
;
ln
rx �
3�
hc3 mv0
c � Ze2 xmin

(3)

where m is the electron mass, Z ¼ 7 for N atoms, v0 is the
electron’s velocity, c � 1.781 is the relativistic factor, and
hxmin ¼ 300 eV. The characteristic radiation cross-section is
�
deﬁned as9

FIG. 3. (Color online) (a) Time dependence of bremsstrahlung and photo-ionization photons; (b,c) Space distribution of potential and number of electrons
with ee � 1 keV at t � 0.24 ns and t � 0.32 ns, respectively.
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(4)

Here Iz ¼ ez/mc2, e ¼ mv02/2mc2, and ez � 405 eV is the ionization energy of K-shell of N atom.9
Figure 3(a) shows the comparison between the numbers
of bremsstrahlung and characteristic photons produced per
time step. One can see that the number of photon characteristics exceeds �102 times the number of bremsstrahlung photons because of the bremsstrahlung cross-section (3) being
smaller than the cross section of characteristic radiation (4).
Thus, gas pre-ionization by the bremsstrahlung photons can
be considered negligibly small as compared with gas preionization by characteristic photons and RAE. The largest
number of characteristic photons is produced prior to the VC
formation by inelastic e � N2 collisions for electrons with
ee > 10 keV, which are obtained at a distance r > 10 lm with
respect to the cathode. As the VC generates a much smaller
number of RAE with ee > 10 keV than in the vicinity of the
cathode, the number of characteristic photons decreases signiﬁcantly after the VC formation. Nevertheless, the comparison between the numbers of characteristic photons and of
electron-ion pairs produced by the electrons with ee � 1 keV
shows that the pre-ionization by RAE is much more efﬁcient
[see Figs. 3(a) and 3(b)].
To conclude, the results of the numerical simulation of
N2 gas pre-ionization in HV nanosecond pulse discharge by
RAE and x-rays showed that the number of electron-ion
pairs generated by RAE is signiﬁcantly larger than of those
generated by x-rays. The probability for electrons to be scattered at large angles by collisions is small,14 and, therefore,
the RAE pre-ionize the gas in a narrow range of angles. At
the same time, the results of numerical simulation, where
energy spectrum of energetic electrons was used, conﬁrmed

analytical evaluation9 that the most intensive soft x-ray generation occurs in the process of K-ionization of N atoms. The
characteristic photons are emitted uniformly in all directions
and therefore pre-ionize the whole volume of the CA gap
leading to the diffuse discharge formation.9
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