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Abstract

This paper reports the plasma discharge analysis of a dielectric barrier discharge (DBD) source. Helium is used as a
working gas. The analysis is performed at fixed working pressure and operating frequency. The investigations are
carried out using sinusoidal supply for the generation of discharges where two current pulses have been observed
with different polarities in one period. A homogeneous type of discharge has been observed for different operating
conditions in this DBD source. Since in situ diagnostics are not possible due to the small geometries in the used
DBD source, the electrical measurements and spectroscopic analysis of the discharge have been performed to
analyse the plasma discharge. The electrical analysis has been carried out using equivalent electrical circuit model.
The plasma density and temperature within the discharge have been estimated using line ratio technique of the
observed visible neutral helium lines. The estimated electron plasma density is found to be in close proximity with
the plasma simulation code ‘OOPIC Pro’.
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Background
Dielectric barrier discharge (DBD) is an effective method
for generating low temperature plasma at atmospheric
pressure. Recently, much attention has been paid to the
DBD technology due to its numerous industrial applica-
tions [1]. These types of plasma discharges are charac-
terized by the presence of at least one insulating layer in
contact with the discharge between two planar or cylin-
drical electrodes connected to an AC or pulse power
supply [2]. The main advantage of such discharges is
that non-equilibrium and non-thermal plasma condi-
tions in atmospheric-pressure gases can be established
in an economic and reliable way.
DBDs are mainly classified in three basic configura-

tions. The first is the ‘volume discharge’ (VD) arrange-
ment consisting of two parallel plates and any numbers
of dielectric barriers in between the electrodes. The
second configuration is the ‘surface discharge’ (SD)
arrangement in which a plane dielectric with a number
of surface electrodes on the dielectric layer and a
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counter electrode on its reverse side is used. In this con-
figuration there is no clearly defined discharge gap. The
third configuration is ‘coplanar discharge’ arrangement
which is the combination of aforesaid two basic config-
urations [3,4]. In the present investigations, the volume
discharge configuration has been used. The helium is
used as the working gas because it has spectroscopic
spectral analysis advantages [5].
The plasma discharges in most DBDs show filamentary

and homogeneous (diffused type) discharges, which de-
pend upon the experimental conditions such as gas type,
pressure, electrodes gap, dielectric properties and applied
voltage waveforms [6-12]. In fact the applied voltage wave-
form plays a key role in the discharge efficiency [13].
Nevertheless, the DBDs are driven traditionally by sine
wave voltages with magnitudes in the kilovolt range and
frequencies in the kilohertz range [14].
In the present work a barrier discharge using sinus-

oidal waveform at a working pressure 100 mbar in glow
mode has been studied to understand the uniform mode
operation of the discharge and also to identify corre-
sponding discharge parameters. In the DBD discharges,
the in situ diagnostics are not possible due to the small
geometries, and passive diagnostics of DBDs became
d. This is an Open Access article distributed under the terms of the Creative
mmons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
inal work is properly cited.

mailto:pgulati1512@gmail.com
http://creativecommons.org/licenses/by/2.0


Gulati et al. Journal of Theoretical and Applied Physics 2012, 6:35 Page 2 of 8
http://www.jtaphys.com/content/6/1/35
important. For this the electrical model analysis and the
spectroscopic diagnostic are the key possibilities that
have been explored in this paper. The electrical analysis
of the discharge has been performed using an equivalent
electrical circuit model [14] and the dielectric voltage,
gap voltage, memory voltage, discharge current, etc. are
the parameters which have been obtained. The electron
plasma density and temperature are measured using op-
tical emission spectrometry (OES) diagnostic technique
[15]. One of the OES methods is the line ratio tech-
nique, in which the intensity ratio of emission lines is
related to electron plasma density and electron plasma
temperature [16]. Spectroscopically, the DBD-based dis-
charges are neither in local thermodynamical equilib-
rium nor in Coronal equilibrium regions and require the
collisional-radiative (CR) model analysis for interpret-
ation of the spectra [17]. In this work we report the
plasma parameters of DBDs such as electron plasma
temperature and electron plasma density by using the
observed visible spectra of the helium neutral lines and
CR model-based analysis. The electron density has been
found almost identical with the obtained value from
plasma simulation code OOPIC Pro [18].
Experimental details
Discharge geometry
The DBD geometry of the discharge consists of two par-
allel plate electrodes which are covered by the dielectric
barriers made of quartz discs. Both the electrodes are
made of copper of 3 mm thickness and 18 mm radius,
while the quartz discs are 1 mm thick and 20 mm in ra-
dius. The space between the electrodes has been varied
from 1.2 to 3.6 mm. The upper and lower electrode sub-
assemblies are covered by Teflon to avoid long path arc-
ing in the vacuum chamber. A sinusoidal signal is
applied to the upper electrode and the lower electrode is
kept grounded. Figure 1 shows a schematic view of the
parallel plate geometry of the used DBD.
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Figure 1 Schematic diagram of parallel plate DBD cell.
Experimental set-up
Figure 2 shows the schematic view of the experimental
setup. A sinusoidal voltage is applied to the discharge
electrodes for the generation of plasma discharge, and
the source frequency is kept at 34.5 kHz. The DBD cell
has been mounted inside the ultra high vacuum cham-
ber. An Ocean Optics spectrometer (HR4000, Ocean
Optics Inc., Dunedin, FL, USA) has been mounted with
the vacuum chamber for the spectroscopic observations
of the discharge. The vacuum chamber has been mounted
on an ultra-high vacuum pump system using rotary and
turbo molecular pumps. The base pressure is kept approxi-
mately 1 × 10−6 mbar. At room temperature, the helium
gas of 99.9% purity (BOC Gases, BOC India Ltd. India) has
been filled in the DBD cell. The pressure of the gas has
been measured by pressure gauges (Pfeiffer APR262,
Pfeiffer PKR251, Berliner Strasse, Asslar, Germany), and
the pressure has been maintained by the vacuum valves
(Matheson 316L, Matheson Trigas, Albuquerque, NM,
USA; Varian 9515091, Varian Inc. Vacuum Technologies,
CA, USA).
The upper copper electrode acts as anode which is

connected to the high-voltage power supply (Huettinger
HF Generator TIG 10/100 PSC, Huttinger Electronics
Inc., Freiburg, Germany) comprising a frequency be-
tween 20 and 100 kHz, while the lower electrode is con-
nected to the ground. A 1:1,000 high-voltage probe
(Tektronix P6015A, Tektronix Inc., Beaverton, OR,
USA) measures the voltage across the DBD, and the
Rogowski-type Pearson current monitor, model 110
(Pearson Electronics, Inc., Palo Alto, CA, USA) (0.1VA-
1, 1 Hz-20 MHz, 20 ns usable rise time), measures the
total current flowing through the DBD. The total current
and applied voltage waveforms are visualized by means
of a four-channel Tektronix 4045 digital oscilloscope.

Results and discussion
Discharge mode and electrical analysis
The electrical behaviour of the discharge has been
characterized by measuring the applied voltage and the
discharge current. In the experiment the voltage applied
to the upper electrode has been increased manually.
When the applied voltage rose to a certain value Vbd

(breakdown voltage), the discharge began with some fila-
ments distributed on the dielectric wall, but the intensity
of the visible light emitted from the discharge gap was
very low. When the applied voltage is increased further,
the number of filaments increased and finally gets dif-
fused. Figure 3a shows the average image of the dis-
charges, taken with a digital camera (SONY DSC-P100,
exposure time 25 ms, SONY Electronics Inc., New York,
NY, USA). Figure 3a shows the diffused structures of the
filaments with the increasing voltage. The image illus-
trates that the diffuse discharge covers the entire surface
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Figure 2 Schematic view of experimental arrangement.
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of the electrodes. Figure 3b shows the total current trace
together with the applied voltage. The visual inspection
of the plasma and current waveform in Figure 3a,b
reveals a uniform mode operation with homogeneous
glow (under all operating conditions) which has filled
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Figure 3 Helium gas discharge for 100 mbar at 34.5 kHz. (a) Camera v
and total current waveform at 415V peak voltage.
essentially the entire gap between the dielectric-covered
electrodes.
From the observed current-voltage waveforms and its

equivalent circuit model [14] analysis, certain useful dis-
charge parameters in the VD configuration in the DBD
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discharge are obtained. The obtained internal temporal
dynamic parameters are shown in Figure 4, which show
the waveforms indicating the temporal behaviour of total
applied voltage Va(t), total external current Itc(t) and
estimated parameters specially memory voltage Vm(t)
(voltage due to the charge accumulated on the dielectric
due to previous discharge), gas gap voltage Vg(t), dielec-
tric barrier voltage Vd(t), the DBDs current Idbd(t) and
conduction current Idis(t) at operating pressure of 100
mbar. To estimate these parameters in the equivalent
electrical circuit model, the gap capacitance Cg and di-
electric barrier capacitance Cd are used as input para-
meters and are obtained from the geometry of the
configuration. The obtained values of Cg and Cd are
11.30 and 20.48 pF respectively.
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Figure 4 Experimental waveforms of dynamic processes
occurring in gap. Experimental waveforms of dynamic processes
occurring in gap (gas helium, frequency 34.5 kHz) for the parallel
plate DBD geometry and at pressure 100 mbar. (a) Dynamic process
in gap showing different voltage in gap, applied voltage Va,
dielectric voltage Vd, ,gap voltage Vg and memory voltage. (b) Total
current It, DBD current Idbd, current during discharge Idis. (c) Applied
power Psup and power during discharge Pdis.
This figure indicates that the discharge occurs when
the applied voltage reaches to the breakdown voltage
(depending on the gap between the electrodes) which
results in the significant electron production. The in-
ternal voltage or gap voltage, Vg(t), rises with the exter-
nal voltage until the primary discharge occurs. A small
hump in the gap voltage marks the ignition condition.
The discharge hump is corresponding to the weakening
of the internal electric field in the gas gap due to the
momentary flow of charges during the discharge. In the
first half of the applied wave form, the discharge occurs
due to the applied voltage which reaches the breakdown
voltage. After that the produced electrons move towards
the anode driven by gap voltage and reverse the polarity
of the initial memory voltage. It is clearly evident from
the figure that the gap voltage Vg(t) attains a positive
value prior to the applied voltage, which confirms the ef-
fect of the memory voltage.

The instantaneous power input Psup(t) has been
estimated using

P sup tð Þ ¼ Va tð Þ � Itc tð Þ: ð1Þ

The instantaneous power consumed or the discharge
power by the plasma discharge in the gap has been
obtained using

Pdis tð Þ ¼ Vg tð Þ � Idis tð Þ: ð2Þ

The obtained values of supplied power Psup(t) and
consumed power Pdis(t) corresponding to the applied
waveforms are also shown in Figure 4. The positive half
cycle of the applied voltage Psup includes both the power
dissipated in the gap during discharge and the reactive
power stored in the various capacitors (cable, dielectric
and gas). The real power input occurs during the dis-
charge phase which shows that the external circuit pro-
vides the same power during both discharges. However,
the consumed power in the second discharge is higher
because the memory charges from the previous dis-
charge that are deposited on the dielectric surface con-
tribute to the energy consumed [10].

Spectroscopic analysis
The light emitted from the DBD source is fed to the
compact ocean optics visible spectrometer (HR4000)
using optical fibre for spectroscopic analysis. The time
average spectra are recorded and are taken to the com-
puter for further analysis and storage. This spectrometer
uses grating 300 lines per millimetres and has spectrum
bandwidth 2000-11000 Å along with the spectral reso-
lution of approximately 0.75 nm. The typical spectrum
of the used DBD is shown in Figure 5. A large number
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of neutral helium line emissions, like He I 3888.6 Å
(23S-33P0), He I 4921.9 Å (21P0-41D), He I 5015.6 Å
(21S-31P0), He I 5875.6 Å (23P0-33D), He I 6678.1 Å
(21P-31D), He I 7065.1 Å (23P0-33S) and He I 7281.3 Å
(21P0-31S) are observed from the plasma discharge. To
estimate the electron plasma temperature and electron
plasma density, a well-known line ratio technique is used
[16] which do not require absolute intensity calibration
of the spectrometer. For accurate estimations of plasma
parameters, the CR model-based spectral analysis is es-
sentially needed in the DBD sources [17]. So, we have
derived relevant spectral line intensity ratios using CR
model from the ADAS code [19].
In the CR model, the populations of various energy

levels of atoms (or ions) in a plasma are calculated by
assuming a quasi-steady-state exists among the excited
levels, which depends on the plasma parameters Ne and
Te [19]. Accordingly, the intensities of the He I lines are
calculated using CR model-based data from the ADAS
database. With an assumption that the average electron
density and temperature in an emission length x, the
photon intensity I(λul) of a spectral line can be written
from the quasi-steady-state approximation of the CR
model as [20]

~I λulð Þ ¼ PE
―
Crecombining ~Ne ~Nix

� �

þ PE
―
Cexcitation ~Ne ~Ngx

� �
; ð3Þ

where PE―Crecombining and PE―Cexcitation represents the
effective photon emission coefficients (photons per cubic
centimetre per second) for recombination and excitation
processes, respectively, in an average measurement. Here
Ñgx and Ñix are the average column densities of the
ground state atoms (here referring to He I) and ions
(here referring to He II). The ADAS code derives PEC
values for a particular spectral line λul after calculating
the population distribution of levels. This is done by
solving a set of coupled rate equations for the number of
levels of the ionization stage i. In each equation, one
includes all the processes of populating and depopulat-
ing the level by excitation, deexcitation, spontaneous
emission, ionization and recombination from adjacent
ionization stages, etc. [19]. The proportionality factors
the effective photon emission coefficients (PECs) in
Equation 3 are the functions of electron densities and tem-
peratures only [20].
Under an ionizing plasma assumption [16,21], the first

term in Equation 3 can be taken to be negligibly small
and the line intensity I(λul) for a transition from level u
to level l is expressed as

~I λulð Þ ¼ PE
―
Cexcitation ~Ne ~Ngx

� �
; ð4Þ

and the ratio of intensities of two lines becomes

Iul1
Iul2

¼ PE
―
Cexcitation1

PE
―
Cexcitation2

; ð5Þ

where Iul1 and Iul2 are the intensities of two spec-
tral lines of a specific species of interest. The terms
PE―Cexcitation1 and PE―Cexcitation2 are the correspond-
ing PECs which are functions of Ne and Te only. The
other terms will be cancelled in the ratio output. Thus,
it becomes easy to calculate the expected ratio of two
lines under different plasma conditions of Ne and Te.
The line ratios that are sensitive to one of the quantities
(either temperature or density) and insensitive to other
quantity are useful to determine the required basic
plasma parameters Ne and Te. By using the density-
sensitive singlet-singlet line pair 6678.1 Å (21P-31D)/
7281.3 Å(21P-31S), we estimated Ne = (3.5 ± 1.5) × 1011

cm−3 and by temperature sensitive singlet-triplet line
pair of intensity ratio 7281.3 Å (21P-31S)/7065.1 Å (23P-
33S) at 100 mbar working pressure, we obtained Te = 6.5
± 0.5 eV. The existence of plasma density of approxi-
mately 1011 cm−3 is an indication for larger existence of
metastable states [22] in the present DBD source which
could be used as excimer light source [7].

Kinetic simulation
The 2D object-oriented particle in cell code OOPIC Pro
(Tech-X Corp., Boulder, CO, USA) has been used to
study the electrical as well as the kinetic behaviour of
the DBDs [18]. The OOPIC Pro solves for the fields on
the grid and calculates particle trajectories including
self-consistently, the effects of charged particles on the
fields with respect to the space and time variations. This
also treats collision and ionization processes of a back-
ground neutral gas with Monte Carlo collisions method.
Symmetrical 2D geometry of parallel plate DBD has
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been made as shown in Figure 6a, which also include
the after effects of the discharge. In this model dark
colour strips show the dielectric barriers and in between
the gap, there is electron concentration after 125 ns time
step where the simulation time step has been set at ap-
proximately 10−13 s by considering the relaxation time of
DBD. All the operating conditions are kept similar to
the experiment. An electrostatic field solver with time-
dependent voltage has been applied to simulate the
model. The electrostatic field solver neglects the mag-
netic field and electrodynamics effects so that we could
isolate the effects of the electric field alone. Any sample
of gas under normal conditions contains an average of
109 m−3 electrons and ions due to ultraviolet and cosmic
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Figure 6 Parallel plate DBD simulations. (a) After discharge effects in th
plasma density profile after discharge at different time steps.
radiations and radioactivity. So an electron density of ap-
proximately 109 m−3 is loaded uniformly in the gas gap
along with the helium gas (100 mbar) to initiate the dis-
charge at room temperature. A sinusoidal voltage is ap-
plied across the boundary to initiate the discharge.
The large number of filamentary discharge mixing

after 125 ns time step is clearly visible in Figure 6a from
the simulation, which can provide better understanding
of the electron density of the diffused discharge if we ob-
serve the fluctuating density from its distribution. In fact
the statistical mechanics have shown that the many
small perturbation (errors) that affect a physical system
almost always force the measurement to follow the
Gaussian distribution as shown in Figure 6b. It is usually
(a)
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e similar geometry of the experimental set-up. (b) Gaussian electron
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referred to as simply the ‘normal distribution’. Based on
this, the average distribution of electron plasma density
is derived for the entire system geometry using OOPIC
Pro simulation code and when we take the average of
the distributed density after 125 ns time step, it gives ap-
proximately 3.25 × 1011 m−3. It has quite similar results
to the spectroscopic diagnostic measurements which are
in agreement with each other. It has been further
observed that after 125 ns time step, the electron plasma
density saturates and there is no further enhancement in
the density.

Conclusions
The homogeneous type of discharge has been observed
at working gas pressure 100 mbar and at a fixed fre-
quency of 34.5 kHz in a parallel plate DBD geometry
filled with helium gas. Two discharges are generated per
single voltage cycle. The dynamic evolution of the
process in the gap provides the useful information about
the electrical characterization of the DBD source. The
electron plasma temperatures and electron plasma dens-
ity obtained for present VD configuration at 100 mbar
gas pressure are typically 6.5 ± 0.5 eV and 3.5 ± 1.5 ×
1011cm−3 respectively, which is in close agreement with
the simulated results.

Methods
In this paper, we have studied a dielectric barrier discharge
plasma source, which has been designed and fabricated in
parallel plate geometry of DBD. We performed the experi-
ments for a fixed operating pressure at 100 mbar and took
voltage and current waveform of the discharge. By using
equivalent electrical model, we observed the dynamic pro-
cesses of the discharge. Also, by using observed spectra
and CR model-based analysis, we have estimated the basic
plasma parameters such as electron plasma density and
temperature in very thin geometry of the plasma. In such
plasmas in situ diagnostics are not possible, and metallic
probe diagnostics can lead erroneous results due to
sheath-sheath interaction process. The obtained plasma
parameters have been validated with the kinetic simulation
results using PIC code.
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