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Electron energy distribution function in a high-voltage pulsed discharge

with an extended hollow cathode
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The dynamics of a nanosecond discharge with an extended hollow cathode in argon is studied and the electron

energy distribution function (EEDF) in a plasma column is calculated. The issues of the formation of the EEDF

in the discharge column and inside the cathode cavity are considered. The conditions of the validity the two-term

approximation of the EEDF in the plasma column are analyzed and the appropriate evaluations are given.
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Plasma source based on high-voltage nanosecond dis-

charge with extended hollow cathode at low and medium

gas pressures [1,2] can be used in plasma chemistry, in

plasma medicine, as well as in various technologies, in par-

ticular in technologies of atomic, molecular layer deposition

and etching of micro and nano-electronic materials surface

(see, for example, [3]).

The main properties and parameters in gas-discharge

plasma are mainly determined by the electronic compo-

nent [4,5]. Therefore, the calculation and analysis of the

electron energy distribution function (EEDF) becomes one

of the most important issues in the study of unstable

unbalanced gas-discharge plasma.

In the present work, a high-voltage pulsed nanosecond

discharge is investigated, which is ignited in a discharge

chamber, being a quartz tube of diameter 5 cm, where

an electrode system of aluminum electrodes, located at a

distance of 0.6 cm from each other, is installed. The anode

is a flat plate 5 cm long, 2 cm wide and 0.5 cm thick. The

cathode is in the form of a cylindrical rod 5 cm long and

1.2 cm in diameter, along which a slit cavity 0.2 cm wide

and 0.6 cm deep is cut. The discharge area for the entire

length of the electrodes is bounded by dielectric plates of

fiberglass [1,2].
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Figure 1. Geometry of the modeling area and location of the

points at which the EEDF is calculated.

The geometry of the simulated area corresponded to the

real size of the electrode system. The simulation area has a

rectangular shape (length 1.2 cm, width 0.2 cm) (Fig. 1).
The EEDF formation mode can be analyzed by introduc-

ing a relaxation parameter [6]:

K =
(

νe + δνea + ν∗
)

τd, (1)

where τd — free diffusion time of electrons to plasma

boundaries, νe — frequency of electron-electron collisions,

νea — frequency of elastic electron-atom collisions, ν∗ —
frequency of inelastic electron-atom collisions, δ — energy

exchange factor for elastic collisions. For the conditions

considered in this paper (at gas pressure p = 5Torr and

applied voltage U0 = 1.2 kV) we obtain the following

estimate: K ≈ 50, K ≫ 1. This means that in EEDF

relaxation, the expansive collision processes prevail over

diffusion processes and the mode of EEDF formation is

local. The conditions of validity of the two-term EEDF

decomposition are [6]:

ν∗

≪ νea , eEλ/w ≪ 1, λ ≪ L, (2)

where w = mv2/2 ∼ 6.4 · 10−19 — kinetic energy of

electrons, νea ∼ 3.5 · 1010 s−1 — frequency of elastic

collisions of electrons with atoms, eEλ ∼ 1.2 · 10−19 J —
energy that an electron gains on a free path. Given that the

potential drop of up to 20% of U0 is in the plasma column,

the estimates show that the EEDF formation mode in the

plasma column of the simulated discharge is local. In this

case, the energy of directional electron motion under the

action of the electric field does not exceed the energy of

thermal electron motion and the assumption of weak EEDF

anisotropy in plasma is valid.

Since even in the case of a strong electric field, the

anisotropy of the electron speed distribution remains small,

we may restrict ourselves to the classical (local) two-term

EEDF approximation, which can be written as follows [7,8]:

F(w, r, t) =
[

f 0(w) + f 1(w) cos θ
]

ne(r, t), (3)
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Figure 2. Simulation results of electric field potential, longitudinal electric field and electron density distribution in the discharge gap at

different moments of time after the voltage pulse is applied to the discharge gap. a — 110 ns, b — 250 ns, c — 350 ns.

where f 0(w) — is the isotropic part of the electron

distribution function, depending only on the change in

speed magnitude, f 1(w) — the anisotropic part of the

EEDF proportional to the guide cosines of the speed vector,

ne(r, t) — electron concentrations, w = mev
2/2e — kinetic

energy (in eV).
For numerical experiments, a computational model has

been developed, which includes the Plasma module from

COMSOL Multiphysics [8], where the hydrodynamic

plasma model was calculated, and the LisbOn KInetics

Boltzmann (LoKI-B) [9], where the Boltzmann kinetic

equation was solved and the EEDF was calculated. The

LoKI-B program has been adapted to calculate the EDEF

in our problem. The LoKI-B program from the COMSOL

program module obtained values of the reduced electric

field, gas pressure and temperature, electron and ion

densities, distributions of excited state populations of the

working gas, and corresponding sets of electron scattering

cross sections as input parameters at each time and point

in the problem solution region, which were used to solve

the kinetic equation. A detailed algorithm for the numerical

solution of the Boltzmann equation is presented in [9,10].
The Boltzmann equation is discretized, and its solution is

found using a finite-difference scheme.
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Figure 3. Isotropic f 0(w) and anisotropic f 1(w) parts of the EEDF at points 0.6 (a) and 0.1 cm (b) from the cathode slit base at

different points in time (given in ns near the curves).

Figure 2 shows the results of modeling the distribution of

the electric field potential, the longitudinal electric field, and

the electron density in the gap and in the cathode cavity.

The results of the simulation of the dynamics of the space-

time electron density distribution show that about 80 ns after

applying voltage to the gap at the anode surface, a plasma

clot forms in the center with a ∼ 109 cm−3. Then, the

ionization wave starts from this point and propagates toward

the cathode. As the ionization wave propagates, the electron

density at the front and behind the front of the ionization

wave increases. The propagation speed of the ionization

front is on the order of ∼ 2 · 107 cm/s, and after about

100 ns, it reaches the cathode surface [11]. By the time

of 110 ns the electron concentration reaches ∼ 1012 cm−3

and the ionization wave front penetrates into the cathode

cavity (Fig. 2, a), then the ionization wave spreads along the

cavity side surfaces and reaches the cavity bottom. Then, a

reverse ionization wave is formed from the cavity bottom,

which leads to the formation of a plasma column in the

cathode cavity and in the discharge gap. Figure 3 shows

the results of EEDF calculations obtained at two points in

the center of the gas-discharge system at different distances

from the bottom of the hollow cathode: point 1 is located

inside the hollow cathode at 0.1 cm from its bottom; point 2

is located at 0.6 cm from the bottom of the hollow cathode

at the cathode-dielectric interface (Fig. 1).

Figure 3, a shows the EEDF calculated at point 2. The

figure shows that at time 100 ns the EEDF has not yet been

formed because the ionization wave has not yet reached this

point. Already after 10 ns by the time of 110 ns the EEDF is

formed, and this time coincides with the arrival time of the

ionization wave at the point 2 (Fig. 2, a). It can be seen that

both the isotropic and the anisotropic parts of the EEDF

have strongly increased, and the tail of the anisotropic part

of the EEDF is compared with the tail of the isotropic part.

This means that at a given time, accelerated electrons start

forming in this point. When an ionization wave propagates,

almost the whole electric field is concentrated at the surface

of this wave. Free electrons are accelerated, gain energy

in this region of the reinforced electric field and lead to

EEDF deformation with an increase in the high-energy part.

Further, over time, it can be seen that both isotropic and

anisotropic EEDF start to decline. This means that the

ionization wave has passed and the number of fast electrons

begins to decrease (Fig. 3, a).

Figure 3, a shows the EEDF calculated at point 1 (Fig. 1).
The figure shows that at time 100 ns, the EEDF has not

yet been formed because the ionization wave has not yet

reached this point and there are very few fast electrons.

Further, you can see that over time the EEDF becomes

hollow. At the moment of time 150 ns, the tail of the

anisotropic part of the EEDF starts to exceed the tail of

the isotropic part of the EEDF. This means that at a given

time, high-energy electrons arrive at that point along with

the ionization wave. Then, the high-energy part of the EEDF

continues to grow, and by the time of 250 ns it reaches its

maximum. The EEDF becomes strongly gentle, the tail

of the anisotropic part of the EEDF is noticeably larger

than the isotropic part (Fig. 3, b). This indicates that a

beam of fast electrons additionally arrives at the point 1

at time 250 ns and enriches the EEDF. It is known that one

of the distinctive features of the hollow-cathode discharge

is a sharp decrease of the cathode potential fall (CPF)
region as compared to the case of an ordinary anomalous

glow discharge. Its dimensions are such that the electrons

emitted by the cathode pass through the CPF region almost

without collisions and acquire energy ε = eUk , where Uk —
potential of the cathode layer [1,11,12]. Let us estimate
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the CPF region size for the discharge conditions under

study. Using the ratio dk p ≈ 7.5 · 10−2 cm · Torr [12],
we get dk ≈ 1.5 · 10−2 cm — length of the CPF re-

gion. The value of dk is comparable to the value

of the free path length of electrons with respect to

inelastic processes λ∗ = 1/(Nσ ∗) ≈ 3 · 10−2 cm, where

N = 3.3 · 1016p [Torr] cm−3, σ ∗
≈ 2 · 10−16 cm2. Conse-

quently, the electrons emitted by the cathode pass through

the CPF region without collisions and acquire energy

ε ∼ 650 eV (Fig. 2, b). Indeed, as noted above, by this

time, the cathode layer is completely formed in the cathode

cavity, and the electrons accelerated in the CPF region also

form EEDF at the point 1.

Thus, calculations show that in the gap between the

electrodes and at the entrance to the cathode cavity,

the EEDF is formed by plasma electrons and electrons

accelerated at the ionization wave front. In the cathode

cavity, electrons accelerated in the CPF region make a

significant contribution to the formation of EEDF, which

enrich the high-energy part of EEDF. The calculation

results confirm the formation of high-energy electrons in

this type of discharges and show the effectiveness of this

technique for calculating the EEDF in the plasma column

of similar types of gas discharges, but the EEDF calculations

in the cathode layer of the discharge require additional

research [13,14].
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