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monopolar high voltage pulses superimposed to a dc voltage.

A plasma source driven by a train of hv pulses combined with a dc voltage

O. S. Stoican

National Institute for Laser, Plasma and Radiation Physics (INFLPR), 409 Atomistilor St. PO Box MG36, 077125, Magurele,

Romania

Received: date / Revised version: date

Abstract. An atmospheric pressure plasma source supplied by an electrical circuit consisting of two voltages

sources in parallel connection, is reported. One of them is a low power self oscillating flyback converter

which produces negative voltage pulses with an amplitude of several kilovolts. The high voltage pulses are

necessary to ignite an electrical discharge between the electrodes at atmospheric pressure. An additional

dc source delivering several hundred of volts at a few hundred of milliamps is used to sustain the electrical

discharge. The circuit configuration allows the control of the discharge current over a wide range, in a

simple manner. By using argon as a working gas, a stable plasma plume up to 8 mm long can be obtained

either in a transferred or non-transferred arc mode.

1 Introduction

Due to a large diversity of possible applications [1-5], de-
velopment of the devices aimed to generate atmospheric
pressure plasmas has attracted a significant research ef-
fort in recent years. In order to ignite an electrical dis-
charge at atmospheric pressure and maintain the plasma
in a regime appropriate to a specific application, vari-

ous electrical supply schemes, including superposition of

¢ e-mail: stoican@infim.ro

a time-varying periodic voltage to a dc voltage, have been
described in previous research [6-10]. For the atmospheric
pressure plasma source presented in this paper, the high
voltages pulses produced by a self oscillating flyback con-
verter (FBC) are superimposed to a relatively low dc volt-
age. A FBC is very simple and has a good efficiency be-
cause it can be connected to the load without a ballast
resistor. This approach was inspired by the electric supply

circuit of the high intensity discharge arc lamps [11-14].



2 O. S. Stoican: Title Suppressed Due to Excessive Length

These devices require a high voltage pulse to initiate an
arc discharge between the electrodes. Once the arc dis-
charge has been ignited, another electrical circuit supplies

the proper voltage and current for the discharge to run.

2 Plasma source description

The schematic drawing of the plasma source is shown in
Figure 1. The cathode consists of a copper wire with a
diameter d = 1.75 mm. The cathode is centred in a nozzle
shaped cavity made in a solid cylindrical block of alu-
minium. The extreme diameters of the cavity cross sec-
tions are Dj,;,,=9 mm and D,,,,=30 mm respectively,
while the total length is 43 mm. The length Ly of the
cathode existing inside the small-diameter cavity can be
adjusted to a range of 5-15 mm. An insulator disk closes
the larger diameter end of the cavity enabling mechanical
support and electrical isolation of the cathode. The work-
ing gas is introduced through an inlet positioned near the
cavity end and perpendicular to its axis. Such geometry
allows the vortex-stabilisation of the arc. The aluminium
cylinder is connected to the ground and plays the role of
the anode. Natural convection of the ambient air ensures
anode cooling. The smaller diameter end of the cavity is
covered by a thin insulator disk having a central output
hole of 3 mm in diameter. Both insulators disks are made
of Teflon. The output hole limits the cross section of the

working gas stream and shapes the plasma jet.
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Fig. 1. Schematic drawing of the plasma source. 1-cylindrical
block of aluminium (anode), 2-copper wire (cathode), 3-cavity,
4-gas inlet, 5, 6-insulators disks made of Teflon, 7-plasma

plume. (Colour only in electronic version)

plasma
plume —
Fig. 2. Electrical circuit of the electrodes

3 Electrical circuit of the electrodes

The electrical circuit of the electrodes consists of two volt-
age sources in parallel connection as shown in Figure 2.
One of them is a low power self oscillating FBC able to
produce negative high voltage pulses necessary to initi-
ate an electrical discharge between electrodes. The second
one (denoted by E in Figure 2) is a conventional dc source
which can deliver a few hundred volts at a few hundred
milliamps, and is used to sustain the electrical discharge.

The FBC consists of the transformer Tr, bipolar junc-

tion transistor Q (BU208), rectifier diode Dy (KYX30),
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blocking diode Dy (BA159) and bias resistors R;=18042
and Ry=27042, respectively. Accurate descriptions of the
FBC can be found in various papers [15-17]. The transis-
tor Q operates as an electronic switch by interrupting pe-
riodically the electrical current through the primary wind-
ing of the transformer Tr. The energy taken from the dc
source is alternately stored as a magnetic field of the trans-
former core when the switch is on, and, released to the load
as a voltage pulse when the switch is off. Generally, ampli-
tude of the output pulses Up, oscillating frequency f of the
transistor and dc supply current I; depend on the load.
Neglecting any losses, the average power Py delivered to

the load can be expressed as:

Pt 0
L

Py = fAW, =

where AW, is the amount of energy transferred during

a single pulse to the load, B is the saturation flux den-
sity, while S and Ay, are, effective cross-sectional area and
inductance factor, respectively, of the transformer mag-
netic core. For a FBC the output pulse length is ¢, ~
(1 —0)/f where §, called duty cycle, represents the pro-
portion of time during which the transistor acts as an on
switch. Assuming the output voltage waveform as a series
of square pulses of amplitude U, and length ¢,, the peak
power P, transferred to the load during a single pulse is
P, = Upl, = fAW, /(1 — 6), where I, is the peak cur-
rent through the load. Consequently, the amplitude of the
output pulses is maxim if no load is connected (I,=0).
The leakage currents of the transformer secondary circuit

are equivalent to a load permanently connected; therefore,

the amplitude of the output voltage pulses is finite. By

an appropriate design the open circuit pulses amplitude
can achieve several kilovolts, large enough, at atmospheric
pressure, to initiate an electrical discharge between the
cathode and the aluminium wall of the cavity. For a supply
dc voltage U;=8.5V and without load, the FBC presented
here operates at f=5kHz and I;,=0.4A, yielding negative
high voltage pulses with the amplitude U, ~ 4kV and
length ¢, ~ 19 us. The electrical power Pyo=Ul40=3.4W
delivered by dc source is mostly dissipated as heat in FBC
electronics components. According to (1), the amount of
energy AW, transferred to the load during an output
pulse depends only on the dimensions and magnetic prop-
erties of the transformer core. The oscillating frequency f
is limited by the switching times of the transistor Q and
by the dynamic characteristics of the transformer core, so
that, in the case of a practical circuit, there is a maxi-
mum average power Pymaz = fmaz AW, which could be
transferred to the load. Because there is no ballast resistor
inserted between the cathode and FBC output, once the
electrical discharge has been ignited, electrical parameters
of the FBC (supply current, duty cycle and operating fre-
quency) are self-adjusting so that the amplitude of the
output pulses U, becomes equal to the discharge voltage
Ug. The duty cycle and oscillating frequency can vary only
within a limited range; hence it is not always possible to
match its output voltage and available power to the val-
ues necessary to sustain the electrical discharge. When
matching conditions are not met the electrical discharge
is extinguished immediately after it started and the FBC

operation becomes unstable. In the case of a given work-
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ing gas, gas pressure and device geometry, the discharge
voltage can be assumed to be approximately constant in
a wide current range. If only the FBC is connected to the
electrodes (I;2=0), the average discharge current I; = I3
has an upper limit Igmar = Pomaz/U4d. The FBC output
current I;; cannot be controlled in a simple manner. To
overcome these drawbacks, a conventional adjustable out-
put voltage dc source E was made in parallel connection to
the electrodes through a variable ballast resistor R,=2k{?
and a high voltage diode D3 formed by 5 diodes BY2000
in series. The output voltage Ug of the dc source E can be
varied in the range -100V to -500V.The role of the diode
D3 is to separate the dc source E from the FBC. After the
electrical arc between electrodes is initiated the discharge

current Iy is given by the relation:

Ii=1Ipn+1go=1n+|Ug —U4l/Ry (2)

where I5; and 45 represent the discharge current compo-
nents due to the FBC and the source E, respectively. As
a result, the discharge current can be simply adjusted by

varying either the voltage Ug or resistance Ry,

4 Plasma source operation

After an electrical discharge is established between the
cathode and the aluminium wall of the cavity, it is pushed
by the working gas flux through the output hole. As shown
in Figure 3, the plasma jet looks similar to an elongated
bright plume that can extend about 8 mm from the output

hole to the atmosphere.

Fig. 3. Photograph of the plasma plume ejecting in the sur-
rounding atmosphere, at an argon flow rate of 5 1/min and
discharge current I;=100mA. The plasma source is operated
in a non-transferred arc mode. (Colour only in electronic ver-

sion)

For the discharge current component Iz varying in
the range of 15mA to 100mA and the argon flow rate be-
tween 1.21/min and 101/min, the electrical power drawn by
the FBC was approximately constant Py = UgIs=4.59W.
Roughly, the power transferred to the plasma by the FBC
can be estimated as AP ~ Py — Pyz=1.19W. For compar-
ison, at an argon flow rate of 51/min, the power delivered
to the plasma by the source E, Pjo = Ugl4o varies in the
range from 5W to 22.4W if 15mA< Iz <100mA. The
discharge voltage was around 250V so that the magnitude
of the component 4 can be estimated as: Ig; ~ AP/Uy
=bmA and, practically, I; ~ I4o if I;o >50mA. By ne-
glecting the component I;;, the current-voltage charac-
teristic of the discharge, obtained for an argon flow rate
of 51/min, is shown in Figure 4. Discharge current compo-
nent 4o and voltage U; have been measured directly by
using analogue multimetres. As can be seen from Figure

4, for Ijo >40mA, the discharge voltage slightly decreases
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100

Fig. 4. Current-voltage characteristic of the discharge at an
argon flow rate of 5 1/min and Rp=2k{2. The discharge cur-
rent component I4; due to the FBC, which is estimated to be

around 5mA, has been neglected.

with the discharge current similarly to a glow discharge
[18,19].

After the formation of the plasma plume, under cer-
tain operation conditions (discharge current, gas flow and
position of the object under plasma treatment), the FBC
can be shut down in order to improve global efficiency.
However, in this case, plasma plume stability cannot be
maintained for more than several seconds after that the
electrical discharge between electrodes is interrupted. Usu-
ally, to allow a continuous operation, the FBC was perma-
nently connected to the electrodes. To identify the excited
species generated by the plasma plume, optical emission
spectroscopy has been applied. The emission radiation in
the range 300-1000 nm has been collected by an optical fi-
bre by having one end coupled to an OceanOptics HR4000
spectrometer. The other end of the optical fibre was placed
near the plasma plume and oriented perpendicular to it.
A typical emission spectra in the range 600-1000 nm is

shown in Figure 5. For the presented spectra, the argon
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Fig. 5. Emission spectra in the range 600-1000 nm of the
plasma plume, at an argon flow rate of 5 I/min and discharge

current [;=55mA.

flow rate and discharge current are 5 1/min and 55 mA, re-
spectively. The spectra contains, mainly, Ar I lines [20] at
696.5, 706.7, 714.7, 727.3, 738.4, 750.4, 763.5, 772.4, 794.8,
801.5, 811.5, 826.4, 840.8, 842.5, 852.1, 866.8, 912.3, 922.4
and 965.8 nm, with the 763.5 and 811.5 nm the strongest.
In addition an atomic oxygen line at 777.1 nm was de-
tected due to the opening to the ambient air [21]. The
averaged electron density, N, can be estimated from the

equation:

Jd Jd
N,= —— = — 3
¢ el evg (3)

where F is electric field strength, j4 is current density, g
is the electron mobility, vy is electron drift velocity and
e = 1.602 x 10719 C is the elementary charge. Electron
drift velocity depends on the reduced field E/p and type
of the carrier gas. Taking into account the geometry of
the electrodes, the electric strength field peak £, can be

calculated as:

Up

B = T Din/d) @
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At the cathode surface (r = d/2), E, ~28kV/cm while at

~
~

the anode surface (r = Diyin/2), E, 5.4kV/cm. Con-
sidering plasma at atmospheric pressure and the electric
field peak calculated at half the distance between the an-
ode and cathode r,,, = (Dypin, + d)/4, it results in E,= 9
kV/cm and the reduced field E/p = 11.8 Vem™! torr—!
which give a value of vg and . for argon as 3 x 10°
em/sand 3.3 x 10?2 em?V ~1s7! respectively [22]. For the

cylindrical surface corresponding to the radius r,, current

density was estimated as:

I;

D

According to (5) current density varies from 0.022A /cm?
to 0.044A /em? for the discharge current 50mA to 100mA
and Lo=13mm. As a consequence, by using equation (3),
electron density was estimated to lie in the interval 4.7
x 100 -9.4 x 10'° cm™3, in the discharge current range
50-100mA. Electron temperature T, can be roughly eval-
uated by using Einstein’s equation, kT, /e ~ D/u, where
k =1.38 x 10~2% J/K is Boltzmann constant and D is the
electron diffusion coefficient. The ratio D/u. depends on
the reduced field. From [23], in the case of argon, D/u. ~
2V hence T, ~ 2eV. At an argon flow rate of 5 1/min
and discharge current Ijo= 85mA, the gas temperature
measured by means of a thermocouple, at 3 mm from the

output hole of the plasma plume, fluctuates around 130°C.

5 Conclusions

In this paper a plasma source, operating at atmospheric
pressure, supplied practically at a relative low dc voltage
by means of a simple and inexpensive electrical circuit,
is presented. Circuit topology enables an easy control of
the discharge current and a high efficiency of the elec-
trical energy to plasma energy conversion. The described
plasma source is mainly intended for the surface plasma
treatment of various materials, being able to operate both
in a transferred and non-transferred arc mode, without
any modification of the set-up. Thus, both conductive and
nonconductive substrates can be exposed to the action of
the plasma. Its characteristics (electron density, electron
temperature and gas temperature) are similar to those of
the atmospheric pressure plasma jet [18]. This work was
supported by National Authority for Scientific Research

from Romania, under contract PN 09.39.03.01/2009-2011.
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