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The DC gas discharge is established between coaxial cylindrical stainless steel electrodes. The coaxial
cylindrical DC discharge device consists of an outer grid cathode and inner rods anode with 4 mm gap
between them. This experimental study is focused on the effect of gas pressure and electric field strength
on breakdown voltage. There is a balance between the electron attachment and first ionization collision,
so the Second Townsend emission is the responsible for maintain the discharge. The I-V characteristic
curves for different pressures of hydrogen gas indicate that the highest current appears for the highest
gas pressure. The gas breakdown voltage varies as a product of Pd and Townsend’s coefficients depends
on gas pressure and E/P, where E is the electric field and P is the gas pressure.
Keywords: Paschen Curve - Townsend’s Ionization Coefficients - Breakdown Voltage- A Cylindrical
Coaxial DC Discharge Device

Introduction
The DC gas discharge is used in many applications
such as plasma display panels, lamps, surface
modification, and particle generation beside the
environmental and biomedical applications [1, 2].
Much research has been carried out to provide a
theoretical basis for the mechanisms of breakdown
in gases.
The electrical characteristics (I-V) are linear for
most the gas discharge. The linear form indicates
that the voltage across the plasma remains nearly
constant as the current increases [3]. The I -V
characteristic also shows that the potential between
the two electrodes increases with the increase of
the discharge current. The discharge covers the
tube outside the two electrodes, and there is an
increase in applied potential V, which leads to an
increase in the electron beam current. The
breakdown voltage increases with the decrease of
working gas pressure [4].

The secondary electrons emission from the cathode
surface is a very effective part, where the I-V
characteristics change accordingly [5]. The relation
of the breakdown voltage as a function of the gap
between the electrodes (d) product, a working
pressure (p), gas composition and the gap between
two electrodes as a separate parameter, i.e. Vb = f
(p × d, d) has been illustrated in several
researches. [6-12].This voltage is higher for
cylindrical geometry than for plane one. [13] The
breakdown voltages of gases are follow up
Paschen’s law in parallel-plate geometries, but it is
not directly applicable in non-planar geometries,
because of the confusion about the distance
between the electrodes and distortion of the
electric field.[14,15] The minimum breakdownvoltage for a cylindrical electrodes was obtained in
terms of the aspect ratio b/a, (a & b are the inner
and outer radii of electrodes). In a cylindrical
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geometry, the minimum breakdown-voltage
increases from its planar value, and it is
proportional to ln (b/a). Departures from Paschen’s
law results from both non equilibrium and
geometrical effects [16].
According to the "Townsend mechanism", a series
of electron avalanches initiated at the cathode
cause the breakdown of the gas. However, in the
"streamer mechanism" a single electron avalanche
can lead to a breakdown. [17-18]. with the small
pd values the streamer breakdown mechanism is
replaced by the Townsend breakdown mechanism.
[19] Townsend's first ionization coefficient (α) is
the number of ions produced in gas by a single
electron was emitted from the cathode. The value
of α was estimated in several researches [20-22].
The electron attachment coefficient η ( The
ionization efficiency) , which is the number of
attachments produced by an electron travelling
under the effect of the applied field in a unit
distance. Both coefficients, α and η, are highly
dependent on the applied electric field [14,23].The
generated number of electrons from secondary
processes per each primary avalanche
γ
depend on the cathode material [24,26], state of
the surface [27], and the energy of ions [28,29] .
The minimum breakdown voltage increases with
increasing the work function of cathode materials,
and also for the high value if secondary emission
coefficient [30,32 ,31 ].
Recently, few research works has been conducted
on the dc discharge on hydrogen gas compared to
the studies that survey the discharge in inert gases
or gas mixture. Hence, the present study is devoted
to the examination of electric characteristic of
hydrogen gas discharge at different pressures. The
breakdown voltage and the Townsend coefficients
for the coaxial cylindrical DC gas discharge device
will be also investigated.
Gas breakdown and Paschen’s law
Ignition voltage or breakdown voltage is the
required external voltage to convert the non-selfsustaining discharge to sustaining discharge.
Breakdown voltage is an important parameter of a
gas discharge device. The behavior of Paschen’s
curve has three main stages: starting with high
values of breakdown voltage, and decreased
sharply to minimum value, then it rises again to
high breakdown voltage. Paschen’s law means
Arab J. Nucl. Sci. & Applic. Vol. 51, No.2 (2018)

that, the breakdown voltage Vb is a function of
working gas pressure P and the gap between
electrodes d where Vb = f (pd). The breakdown
voltage is changed according to Van Engel relation
[33]:
𝐶1 (𝑝𝑑)
2 +𝑙𝑛(𝑝𝑑)

𝑉𝑏 = 𝐶

(1)

Where Vb is the breakdown voltage in Volts, 𝑝 is
the gas pressure in torr or mbar and d is the gap
distance. The constants c1 and c2 are depending
on the composition of the gas.
On the left hand side of the Paschen curve (before
the minimum value of breakdown voltage), when
the pd product is small, the electron mean free path
becomes larger than the gap between the
electrodes, so the electrons cannot gain enough
energy to ionize the gas molecules. So a higher
voltage is required for the ionization process take
place and to start an avalanche.
On the right side of the Paschen curve, when the
pd product is high, there are many collisions that
take place through the electron travel from the
cathode to the anode.[34] For most gases, the
minimum breakdown voltage is between 100 and
500 volt and occurs for Pd in the range of 10−1 ـ
10 torr∙cm [35]. The minimum breakdown voltage
for noble gas increases with the increase of the
work function of the cathode material and high
secondary electron emission [32].
Townsend’s coefficients
Paschen’s law is used to describe the mechanism
of gas breakdown. Townsend introduced the
quantity 𝛼 known as Townsend's first ionization
coefficient in order to explain the current increase
as a function in the voltage drop, where the
average current is equal to the number of electrons
traveling per second [36] will be as follows:
𝐼 = 𝐼0 𝑒 𝛼 𝑥

(2)

Where 𝐼0 is the current at cathode, x is the
electron traveled distance and 𝛼 is the first
Townsend’s ionization coefficient. The first
Townsend coefficient is the number of ionized ions
by an electron through one centimeter distance. It
heavily depends on the gas pressure, or the gas
density which is a function of collision main free
path, and also depends on the reduced electric field
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strength. The first coefficient has several forms
[37].
The generalized form of α equation can be written
for the planner diode as:
α = 𝐴p 𝑒𝑥𝑝(−𝐵𝑃/𝐸)

(3)

Where A and B are constants depending on type of
gas [38], P is the gas pressure, E is the electric
field. In case of the cylindrical shape, the electric
field is given by Uhn [15]: 𝐸 = 𝑉𝑏 /(𝑟 𝑙𝑛(𝑏/𝑎) )
Where a and b are the inner and outer radii of the
cylindrical diode and r is the distance at which the
electric field is measured (r = a in our case). For
the cylindrical coaxial device [39]
𝛼 = 𝐴𝑃 𝑒𝑥𝑝((−𝐵𝑃)/𝑉𝑏 /𝑟 𝑙𝑛(𝑏/𝑎)

(4)

The minimum breakdown voltage in a coaxial
diode has a higher value than the planar diode and
it is proportional to 𝑙𝑛(𝑏/𝑎) [15].

Also, Townsend introduced the secondary
emission coefficient which is a function of gas
pressure that leads to reducing electric field
strength. When the positive ions have sufficient
energy to accelerate towards the cathode and
impact it, new secondary electrons will be emitted
from the cathode [40]. The electrons induce new
ionization collision to create new ions and
electrons. The second Townsend quantity known
as Townsend’s second emission coefficient ɣ is
introduced to explain the growth of the current
emitted from the cathode by the positive ions as a
function in the reduced electric field strength, and
the main free path collision[38].The second
Townsend
coefficient
equation
has
the
form[15,41]:
𝑏

𝐸𝑥𝑝 ∫𝑎 𝛼. 𝑑𝑟 = 1 +

So, 𝑙𝑛(1 + 1/𝛾) =
𝐵𝑃(𝑏−𝑎)
𝐴
𝑎𝐸 �𝑒 − 𝐸 �
𝐵

1
𝛾

𝐵𝑃
𝐴
𝑎𝐸(𝑒 − 𝐸
𝐵

(5)
𝐵𝑃𝑏

− 𝑒 − 𝑎𝐸 ) =

(6)

It is clear that the process of the secondary
electrons emission at the cathode plays a great role
to make a self-sustaining discharge. The ionization
efficiency (η) equals to:

η=

𝛼
𝐸

=

𝛼/𝑃
𝐸/𝑃

𝐴
𝐸

= 𝑃𝑒 −𝐵𝑃/𝐸

(7)

Experimental Setup
The experimental setup is illustrated in Fig. (1); it
consists of two coaxial cylindrical electrodes
closed in a cylindrical Pyrex glass tube of 10 cm
diameter and 30 cm long. One of two electrodes
(cathode) is stainless steel mesh installed on the
inner surface of the cylindrical Pyrex glass tube,
with 30 cm length, and connected to the negative
voltage of DC power supply. The other electrode
(anode) consists of 24 stainless steel rods each of 2
mm diameter, and 25 cm length, but the effective
length is 17 cm. The rods are fixed by two flanges.
The separating distance between the two electrodes
is around 4 mm. Both ends of the glass tube are
closed by two flanges. One of these flanges has a
port covered by glass in the center, and two sealed
ports for introducing the radial electric probe, and
the other flange is connected to the vacuum
system. Also the other flanges have three sealed
ports, to gas inlet, to rod power, and to axial probe.
The device is operated using 1000 Volt stabilized
dc power supply. Pure hydrogen gas is used as the
working gas and its pressure (p) is varied from
0.06 to nearly 10 torr. The gas pressure measured
using a dial gauge. The discharge current varies
between 1mA and 100 mA.
Experimental Results
The use of hydrogen has many advantages, such as
better discharge stability, easy ionization and
deionization, low irritation and high load power.
The hydrogen gas discharge is used to describe the
flow of electric current through the hydrogen
medium when a high voltage is applied between
the two cylindrical coaxial electrodes at a variable
pressure.
Fig.(2)
shows
the
discharge
characteristics of hydrogen at pressure in the range
of 1 torr up to 10 torr, and focuses on the effect of
gas pressure on the applied discharge voltage, and
current. It is know that the gas pressure is an
essential factor in the discharge process, where the
gas pressure is direct proportional to the mean free
path collision. On the other hand, the applied
voltage is inversely proportional to the gas
densities. It is clear from Fig. (2a), that the voltage
which is required to generate enough electrons to
start the discharge decreases with the increasing
the hydrogen pressure; at the same time, the
discharge current increases. Also in Fig. (2b), the
Arab J. Nucl. Sci. & Applic. Vol. 51, No.2 (2018)
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α

𝐸

discharge voltage and discharge current reach
constant values when the discharge transfers from
non-self-sustain to self-sustain discharge. When a
high voltage is applied between the two electrodes
immersed in hydrogen medium, the electrons are
emitted from the cathode, when one electron
collides with a neutral particle; a positive ion and
electron are formed. This process is called
ionization collision.

Fig. (5) shows the relation between and . It is
𝑃
𝑃
clear from the curve that the number of ionization
collision increases with increasing the reduced
electric field, due to the consumption of the
electron energy in ionization process to create the
first pairs of electrons and ion. Then the curve
becomes almost saturated, as a result of the
balance between the ionization process and
electron attachment process.

It is shown from Fig. (3) That the 𝐼𝑑 − 𝑉𝑑 curve,
where the discharge current increases with
increasing the applied voltage, also the applied
voltage value changes according to the change of
the pressure and inversely proportional with it. It’s
clear also from the curve that the discharge current
takes place at normal glow region.

The secondary electrons emission coefficient is
based on the ions accelerated by the electric field
towards the cathode to release secondary electron
by ion impact. This process is characterized by the
secondary electrons emission coefficient [41].

The breakdown voltage in a DC discharge depends
on gas pressure and the inter electrodes separation.
The pressure and the discharge length play an
important role in the gas discharge. In this study,
the pressure is the effective part for the applied
voltage where the distance between the two
electrodes is constant. It is clear from Paschen
curve that, at right hand side, high hydrogen
pressure. It is noticed that at high pressure, the
ionization collision increases due to the high
density and short mean free path collision,
consequently, the breakdown voltage required to
sustain the discharge is high.
It is shown in Fig. (4) That at low pressure, high
voltage is required to generate enough electrons to
start the discharge. At both extremes of the value
of the pressure, the breakdown voltage required to
sustain the discharge is high. The breakdown
voltage reaches a minimum value of 223 Volts
between the two extremes at p.d =0.8 torr mm as
shown in Fig. (4).
The first ionization coefficient α is the average
number of ionizing collision made by an electron
per centimeter in the field direction. α (First
Townsend coefficient) is strongly dependent on the
applied voltage and the anode-cathode space i.e it
is a function of the electric field, ionization energy
and electron mean free path where the mean free
path is inversely proportional to the pressure,
therefore:
α
𝑃

=ɸ

𝐸
𝑃
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(8)

𝛾=

number of electrons emitted from the cathode
number of ions incedent on the cathode

(9)

Where the number of secondary electrons which
are produced per every incident positive ion is a
function of gas pressure, P, and reduced electric
𝐸
field strength, .
𝑃
Fig.(6) shows the dependence of secondary
electrons emission from the cathode material on
the reduced electric field. It is clear that the
secondary electrons emission increases with
increasing of the electric field and it is responsible
for self-sustaining discharge, due to the increase in
the electron density which leads to increasing the
ionization process. The electron attachment also
plays an important role in breakdown gas and
transfer the discharge from non-self-sustaining
discharge to self-sustaining discharge.
α

The relation
represents the number of the
𝐸
negative ion produced by the electron attachment
per unit potential drop or the number of electron
attachment. Fig. (7) Shows the relation of the
number of electron attachment (negative ion) as a
function of reduced electric field. It is clear from
the curve that the probability of electron
attachment decreases with increasing the energetic
electron which is strongly inversely proportional
to gas pressure. To reach its constant value
(minimum value) through increasing the reduced
electric field. It is clear from Fig. (4) and Fig.(6)
that there are balances between the first ionization
collision and the electron attachment i.e. the
second electron emission is the main factor to selfsustain the discharge.
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Fig. (1): Schematic diagram of the discharge chamber and its associated electrical circuit
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Fig. (2): The variation of (a) the applied voltage and (b) discharge current with the gas
pressure in the range of (1 torr to 10 torr)

Arab J. Nucl. Sci. & Applic. Vol. 51, No.2 (2018)

6

(I - V) for H2 gas

420

0.028 torr
0.039 torr
0.057 torr
0.0699 torr
0.085 torr
0.14 torr
0.35 torr
0.5 torr
0.62 torr
0.89 torr
1 torr
3 torr

V

(volt)

A.M. SHAGAR et al.

370

320

270
0

20

40

60

80

I

100

(m A)

120

Fig. (3): The variation of the discharge current with the discharge voltage at different values of the
gas pressure
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Fig. (4): The variation of breakdown voltage with the gas pressure and the distance between two
electrodes (Paschen᾽s curve)
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Relation between α/p and E/p
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Fig. (5): The variation of the first Townsend coefficient as a function of the
reduce electric field
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Fig. (6): The variation of the secondary Townsend coefficient with the
reduced electric field
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Fig. (7): The variation of the electron attachment as a function of the electric
field and gas pressure

Conclusion
The breakdown is the transition of non-selfsustaining discharge into a self-sustaining
discharge in Townsend regime. The pressure and
electric field are important factors in Townsend
discharge. The first Townsed ionization and
second Townsed emission are both functions of
pressure and the energy gain of charged particles
between collisions. The electron attachment
plays an important role where it is proportional to
the first Townsend coefficient and inversely
proportional to the electric field strength. Low
and high pressures require a high voltage to
sustain the discharge, and the minimum
breakdown voltage is 223 volts at pd= 0.8 torr
.mm for the hydrogen gas.
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