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Abstract. We present results of theoretical and experimental study of collisional relaxation of fast
electrons energy in gas. The dependence on the gas pressure p and electron energy ε of the mean pass Λ of
fast electrons injected into a gas being sufficient to spend on ionization all their initial energy ε has been
calculated. It was found that Λ is directly proportional to ε2 and inversely proportional to the gas pressure.
To sustain glow discharge with electrostatic confinement of fast electrons, Λ should be less than the mean
way to the anode of emitted by the cathode electrons.

1 Introduction
To transport accelerated particles and atoms of deposited
materials from the particles sources to the surface of the
workpiece in the working vacuum chamber, the length of
their free path must exceed the size of the workpiece ~
10 cm, and therefore these particles are obtained using a
high-frequency [1], vacuum arc [2] and magnetron [3]
discharges at a gas pressure below ~ 0.1 Pa. To fill a
large working volume with a homogeneous plasma, a
discharge with thermionic cathodes and a peripheral
magnetic field on the surface of the chamber, is also
used [4]. In this case, a cylindrical hollow cathode with
an inner diameter of several millimeters made of a
refractory metal is often used as a thermionic cathode
[5]. As for the glow discharge with a cold hollow
cathode [6], the range of its applications for surface
treatment was limited by the relatively high working gas
pressure. There were no data in the literature on a cold
cathode glow discharge at a gas pressure below 1 Pa [714]. There were no well-established ideas about the
factors that determine the value of its lower working
pressure [14-16] and the mechanism of the discharge.
There was also no general opinion about the physical
processes causing the effect of the hollow cathode,
which reflects back electrons emitted from the plasma
enclosed inside it. At the same time, the results of
research and practical application of the discharge
indicated that a glow discharge with a hollow cathode is
capable of forming ion and electron beams [17-20], as
well as a dense and homogeneous plasma throughout the
volume of the cathode hollow.
Most researchers explained that the extinction of the
hollow cathode glow discharge is caused by the loss of
electrons emitted by the cathode with a decrease in the
gas pressure. either as a result of their absorption by the
cathode surface or their escape from the cathode [21-23].
In the second case, the lower pressure limit of the
discharge should depend on the ratio between the
*

average path length L of electrons inside the cathode
before escaping from the cathode and the energy
relaxation length Λ hereinafter referred to as the average
path length of a fast electron, which it has to pass in
order to spend all its energy on the gas ionization. When
Λ exceeds L, the electrons spend only part of the energy
on the gas ionization inside the cathode. Therefore, with
increasing Λ, the ionization intensity in the cathode
decreases and the discharge extinguishes.

2 Beams produced by a flat grid
In discharges with electrostatic traps at low gas pressure,
electrons emitted by the cathode pass through the
cathode sheath without collisions and enter the plasma
with an energy of ε о = eU from hundreds to thousands of
eV, corresponding to the cathode fall of potential U.
Each of them travels a path exceeding the size of the
discharge space by hundreds and thousands times and
forms tens of new free electrons inside the trap. Here it is
necessary to trace the entire path of a fast electron and
determine how many new electrons and with what
energy it forms both in equipotential plasma and in
electric fields of space charges.
To determine Λ we use a well-known experimental
fact: the number N of free electrons produced by a fast
electron injected into a gas is directly proportional to its
initial energy. The ionization cost W of a new electron is
constant for any initial energy of the fast electron and is
equal to 46 eV for helium, 37 eV for neon, 26 eV for
argon, 24 eV for krypton, 37 eV for nitrogen, 36 eV for
hydrogen, and 33 eV for oxygen [24]. This allows us to
abstract from the details of real events occurring with the
electron and restrict ourselves to formalism, which
considers only its ionization collisions, in which on
formation of a new electron is spent not the ionization
energy E i , but the ionization cost W. To determine the
electron mean free path between such collisions, we will
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likely. This means that passing kλ, it produces k new
free electrons.

use the experimental values of the ionization cross
section ϭ given in the monograph by Massey and Barhop
[25].
As the distance dx travels, the number N 0 of
electrons with the initial energy ε decreases as a result of
ionizing collisions:
dN 0 = – N 0 dx/λ 0 ,

(1)

where λ 0 = 1/nϭ(ε), n is the density of gas molecules,
and ϭ(ε) is the dependence of the ionization cross section
on the electron energy ε. After the formation of a new
free electron, the initial energy ε of a fast electron
decreases on average by W. Electrons with energy (ε–W)
appear, and the number of these electrons N 1 , as they
travel the distance dx, changes by
dN 1 = – N 1 dx/λ 1 + N 0 dx/λ 0 ,

(2)

where λ 1 = 1/nϭ(ε–W). After j collisions, the electron
energy decreases to ε–jW, and the number N j of
electrons with indicated energy changes with an increase
by dx in the path by
dN j = – N j dx/λ j + N j-1 dx/λ j -1 ,

Fig. 1. Relative numbers N j (y)/N 0 of electrons versus the
length of the traversed path y.

(3)

where λ j = 1/nϭ(ε–jW) and j = 1,2,…. , (N-1). After N
collisions, the electron energy becomes less than W, and
it can no longer ionize the gas.
Let us consider ionization of argon by electrons with
an energy of 4 keV. After the formation of the first 20
free electrons the energy of each electron decreases on
average by 20W ≈ 520 eV, i.e., from 5 to 3.48 keV. The
ionization cross section with the indicated decrease in
energy varies within the range ϭ = (3.5 ± 0.2) x10–17 cm2.
Therefore, on the path length x corresponding to a given
change in energy, the value λ = 1/nϭ can be assumed to
be approximately constant. In this case, the solution of
the equations (1) and (3) gives the following expressions
for the dependence of the number N j of electrons with an
average energy (ε–jW) on the relative length y = x/λ of
the traversed path
N j (y) = N 0 (y j/j!)exp(–y).

Fig. 2. Fractions M k (y) of electrons with energy ε ≥ ε-kW.

(4)

The total number of electrons with energy ε ≥ ε–kW
after their path x = yλ is equal to N 0 M k (y), where
𝑀𝑀k (𝑦𝑦) ≡ ∑𝑘𝑘𝑗𝑗=0

𝑦𝑦 𝑗𝑗
𝑗𝑗!

𝑒𝑒𝑒𝑒𝑒𝑒(−𝑦𝑦)

(5)

Figure 1 shows the dependences of the relative
number N j (y)/N 0 of electrons with different energies
from ε-20W to ε on the length of the traversed path y,
and Figure 2 - fractions M k (y) of electrons with energy ε
≥ ε-kW.
Figure 3 shows the energy distributions of electrons
after they have traveled a path of 5 λ, 10 λ and 20 λ.
The envelopes of discrete spectra in Fig. 3 present
the energy distribution of electrons, which traversed a
path of the same length. After passing the distance kλ,
the electron energy can have different values in the range
from ε-(3k/2)W to ε-(k/2)W, but the energy ε-kW is most

Fig. 3. Energy distributions of electrons traveled a path of 5λ
(1), 10λ (2) and 20λ (3).
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This conclusion is valid only under the condition that
the electron energy does not go beyond the range in
which the approximation of λ constancy is permissible.
After passing the distance kλ/2, the energy of all
electrons does not really go out of the range from ε-kW
to ε (Fig.2), however, after the path kλ the number of
such electrons diminishes by about two times. Therefore,
for k = 20 we can quite reasonably represent only the
initial section of the path with a length of 10λ as a
sequence of 10 segments of the path, each with a length
of λ = 1/n o ϭ and suppose that at the end of each segment
a new free electron appears and the energy of the fast
electron decreases by W.
To reduce the error with a further increase in the
length of its path, we must abandon the constancy of λ
and assume that the first electron appears at the end of a
segment with the length of λ 0 = 1/n o ϭ(ε), the second
electron appears at the end of a segment with the length
of λ 1 = 1/n o ϭ(ε-W), at which the energy of the fast
electron is equal to (ε-W), the third electron appears at
the end of a segment with the length of λ 2 = 1/n o ϭ(ε2W), at which the energy of the fast electron is equal to
(ε-2W), at which the fast electron energy is equal to (ε2W), etc. As a result, the electron passes a sequence of N
segments and at the end of each of them forms a new
free electron and loses energy of W. In total, the electron
forms N = ε/W of new free electrons and passes the path
Λ (p,ε) = Nλ N (p,ε),

(6)

where λ N (p,ε) is the path λ j between two successive
ionizing collisions, averaged over the entire range of the
electron energy from ε to W
λN (p, ε) =

𝜀𝜀

𝑁𝑁

d𝜀𝜀
1
d𝑧𝑧
1
�
�
=
𝑛𝑛o (𝑝𝑝)(𝜀𝜀 − 𝑊𝑊) 𝜎𝜎(𝜀𝜀) 𝑛𝑛o (𝑝𝑝)(𝑁𝑁 − 1) 𝜎𝜎(𝑊𝑊𝑧𝑧 )
𝑊𝑊
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Fig. 4. Dependence on the electron energy ε of the argon
ionization cross-section (dashed lines), the mean free path λ 0 of
an electron with energy ε between ionizing collisions (dasheddotted lines) and the average electron path between ionizing
collisions λ N at room temperature 293 K and argon pressure 1.0
Pa (solid lines).

(7)

3 Electrostatic traps

The dashed lines in Figure 4 show the dependence of
the argon ionization cross-section on the electron energy
[25], the dashed-dotted lines show the mean free path λ 0
of an electron with energy ε between ionizing collisions,
and the solid lines shows the dependence on the initial
energy ε = WN of the electron path between ionizing
collisions λ N calculated by formula (7) at room
temperature 293 K and argon pressure 1.0 Pa (n o =
2.5×1014 cm-3).
At the electron energy ε ranging from 40 to 400 eV
the average electron path between ionizing collisions λ N
can be supposed independent of ε and the energy
relaxation length Λ (p,ε) = (ε/W)λ N (p,ε) is directly
proportional to the energy ε.
At the electron energy ε exceeding 1 keV the average
electron path between ionizing collisions λ N can be
supposed proportional to ε and the energy relaxation
length Λ (p,ε) = (ε/W)λ N (p,ε) is proportional to ε2.

Figure 5 presents a schematic of the most wide-spread
electrostatic traps based on hollow cathodes featuring
trajectory in discharge plasma 1 of electron 2 emitted by
the cathode 3 bombarded by ion 4. This electron is
hundreds times reflected in a space charge sheath 5 by
the voltage of power supply 6 from all parts of the
cathode surface enveloping the trap. For this reason
distribution of the electron velocity in all the traps is
quite isotropic. The distance traveled by electrons before
escaping from the trap volume V through aperture of
losses S o is equal to
L = 4V/S o

(8)

and can by hundreds times exceed the trap width.
Numerous reflections of emitted by the cathode electrons in the cathode sheath ensure an adequate distance
traveled by these electrons and, hence, sustaining of the
discharge at low pressure.
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cathode. The cathode comprises an outer hexagonal
envelope composed of 204 parallel 5-mm-diameter and
200-mm-long cathode rods 3, which are spaced by 1.5
mm, and located inside the envelope hexagonal layers of
5-mm-diameter and 98-mm-long cathode rods 4 the
distance between their axes amounting to 15 mm, as well
as 23-mm-diameter and 1-mm-thick cathode discs 5.
All the cathode rods and discs are fastened on two
dielectric flanges 6 and 7, they are isolated from each
other and connected to the negative pole of power supply
8 through resistors 9 with 430-Ω resistance. To prevent
from a contact of the dielectric flanges 6 and 7 with the
plasma filling the gaps between rods 4, each rod has a
23-mm-diameter and 1-mm-thick metal disk 10. Disks
10 and discs 5 are placed in three layers with a distance
of 1 mm between them.
Eight hexagonal layers are formed with 1104 inner
rods, and diameter of emissive grid 11 fastened on the
anode 2 is equal to 110 mm. A photograph of this anode
and inner rods with discs mounted on dielectric flange 6
is presented in Figure 7. In the center of opposite flange
7 is positioned an igniting arrangement with coaxial
electrodes 12 and 13. After between those electrodes a
high-voltage pulse is applied, the central part of the trap,
which is free of rods, is filled with pulsed arc plasma.

Fig. 5. Electrostatic trap shaped as a hollow cathode.

On their long way to the anode emitted by the
cathode electrons visit all parts of the trap and for this
reason they are distributed quite homogeneously.
Probability of the gas ionization by those electrons and
the plasma density are also quite uniform. The lower
pressure limit of the discharge should depend on the
ratio between the average path length L of electrons
inside the cathode before escaping from it and the energy
relaxation length Λ. Hereinafter the latter is referred to
as the average path length of a fast electron, during the
passage of which its energy decreases to the ionization
threshold E i . When the energy relaxation length Λ
exceeds L, fast electrons spend only part of their energy
on ionizing the gas inside the cathode. To compensate
the electron losses it is needed to produce fast electrons
in the cathode sheath. At an unchanged discharge current
for an increase in the number of additional fast electrons
from the sheath, it is needed to increase its width. In
accordance with the Child-Langmuir law the sheath
width grows with the cathode fall of potential. This is the
reason for the discharge voltage increase with the
pressure decreasing.
Another type of electrostatic trap is shown in Figure
6.

Fig. 7. Photograph of a multirod electrostatic trap.

Dielectric flanges are fixed to each other with three
steel spacers, which are also used to fasten resistors 9.
The distance between emissive grid 11 and accelerating
grid 15, which is connected to focusing electrode 14,
amounts to 13 mm. Both grids are 1-mm-thick and have
85 pairs of aligned 6-mm-diameter apertures, distance
between aperture centers amounts to 10 mm.
As an accelerating voltage power supply is used a
high-voltage square pulse generator 16 based on pulse
forming networks. A time delay between switching on
the networks allows a decrease of the pulse top ripple
down to 1%. Generator 16 with 20-Ω impedance induces
200-μs-wide high-voltage pulses with amplitude up to U
= 500 kV across an active load composed of connected
in series resistors 17 with 2-Ω resistance and 18 with 18Ω resistance. Electrons 19 are accelerated in the gap
between grids 11 and 15 by the voltage drop across
resistor 17 up to energy of 0.1eU and then they are
accelerated in the gap between focusing electrode 14 and
grounded electrode 20 by the voltage drop across resistor
18 up to energy of eU.

Fig. 6. Schematic of an electron gun with plasma emitter
generated by the glow discharge with a multirod cathode.

The plasma emitter 1 of electrons is produced by the
glow discharge between anode 2 and a multirod cold
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Electrode 20 is fastened on 0.8-m-long electron beam
track 21, which is isolated from lateral flange 22 of the
vacuum chamber. Displacement of track 21 in horizontal
direction relative to flange 22 makes it possible to vary
the distance between electrode 20 and grid 15 from 70 to
120 mm. To move in vertical direction electrode 14
together with the whole emissive assembly, which is
fastened to a segmented condenser-type high-voltage
feedthrough, a special positioner is used, which is
mounted inside the central segment of the feedthrough.
The positioner also enables canting angle variation of the
assembly axis and rotation of the assembly around the
vertical axis of the vacuum chamber.
Outside the chamber on track 21 (Fig. 6) are mounted
solenoids 23 producing magnetic field with induction up
to 0.02 T. At the track end is mounted collector 24
intended to measure using Rogowski coil 25 the current
of electron beam, which passed along the track. Current
pulses in the circuits of multirod cathode, track 21 and
anode 2 are measured, respectively, with Rogowski coils
26, 27 and 28.
The plasma emitter of electrons produced using glow
discharge with a multirod electrostatic trap made it
possible to produce pulsed beams with homogeneous
distribution of 700-A current of 300-keV electrons over
170-mm-diameter cross-section of the beam at the pulse
width of ~ 200 μs. Connection of about one thousand
cathode rods to the discharge power supply through
individual resistors prevents the glow discharge with up
to 1 kA current from transition to arc and thus ensures
homogeneity of the plasma emitter.
At one and the same discharge current I in the
cathode circuit the beam current I b in the circuit of
collector is rising with increasing the accelerating
voltage and stops rising at I b = I, when all electrons
produced in the discharge enter the accelerating gap. At
the maximal beam current 700 A of 300-keV electrons
the energy capacity of the beam at the pulse width of 200
μs amounts to 40 kJ and at the beam cross-section area
of 0.025 m 2 the surface density of energy absorbed by
the collector bottom exceeds 106 J/m2. The results
obtained overwhelm those previously presented
anywhere.
The above broad pulsed beams based on collisional
relaxation of fast electrons energy in the plasma emitters
of beam and plasma sources were successfully applied
for the surface modification of the machinery products.
There are many other technological systems based on
collisional relaxation of fast electrons energy, for
instance [26-29].
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