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Abstract. The parameters of radiofrequency helium discharge under atmospheric pressure were studied by
electrical and optical measurements using high voltage probe, current probe and optical emission spectroscopy.
Two discharge modes o and y were observed within certain limits. During « to ¥ mode transition, a decrease
in voltage (280-168 V), current (2.05-1.61 A) and phase angle (76°-56°) occurred. The discharge parameters
such as resistance, reactance, sheath thickness, electron density, excitation temperature and gas temperature were
assessed by electrical measurements using equivalent circuit model and optical emission spectroscopy. In «
mode, the discharge current increased from 1.17 to 2.05 A, electron density increased from 0.19 x 1012 t0 0.47 x
10'2 cm~3 while sheath thickness decreased from 0.40 to 0.25 mm. The excitation temperatures in the o and y
modes were 3266 and 4500 K respectively, evaluated by Boltzmann’s plot method. The estimated gas temperature
increased from 335 K in the « mode to 485 K in the y mode, suggesting that the radiofrequency atmospheric
pressure helium discharge can be used for surface treatment applications.
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1. Introduction

Atmospheric pressure glow discharge (APGD) plasma
represents one of the most exciting research areas in
low-temperature plasma physics which has attracted
extensive research, largely because it offers a vacuum-
less route to many scientific disciplines such as biology,
analytical chemistry, medicine, nanoscience, space
exploration and display technologies [1-6]. The atmo-
spheric pressure plasmas have outstanding advantages,
such as (1) the system is simple and flexible, (2) easy to
operate, with no limitations on the size of treated mate-
rials and (3) lower capital costs due to the exclusion
of expensive and complicated vacuum system, over
the widely used low-pressure plasmas [7-13]. APGD
plasma sources, because of the former advantages and
immense application impact, can be used in a variety
of applications such as in surface modification, etching,
thin-film deposition, ozone generation, degradation of
organic compounds, sterilization, disinfection, biolog-
ical and chemical decontamination, surface cleaning,

food safety and waste treatment [14-21]. Another
eye-catching feature of the APGD plasmas is that one
can achieve enhanced gas phase chemistry at low gas
temperatures. This characteristic opens the horizons
for a new era of future plasma technologies, particularly
in the emerging field of plasma medicine, allowing
treatment of heat sensitive surfaces such as wounds
[4,22].

Compared to different types of APGD plasma
sources, the radiofrequency (RF) APGD plasmas pro-
duced between two naked metallic electrodes have
attracted considerable interest of the researchers in
recent years, due to the distinct advantage of low break-
down voltage enabling use of smaller power supplies
[23-27]. Laimer and Stori [23] investigated the prop-
erties of RF APGD plasma generated in helium using
bare metallic water-cooled electrodes. They found that
sheath breakdown takes place at the maximum cur-
rent in the o mode and transition to the y mode
occurs which occupies a small portion of the elec-
trode surface. Shi et al [24] demonstrated the presence
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of normal glow mode and recovery mode in addition
to the abnormal glow mode in radiofrequency atmo-
spheric pressure helium glow discharge plasmas. Their
electrode system consisted of a grounded metal rod and
a powered metal plate with a few millimeters separat-
ing them. They reported that sheath breakdown causes
mode transition. Li et al [25] produced RF APGD plas-
mas using helium, air, argon, nitrogen or their mixtures
as working gas in a planar-type plasma reactor and
studied discharge parameters like breakdown voltage,
discharge mode and discharge voltage for maintaining
the o and y modes.

The aim of this paper is to describe the properties
and obtain the discharge parameters of an atmospheric
pressure radiofrequency helium glow discharge by
electrical measurements using equivalent circuit model
and optical emission spectroscopy.

2. Experimental set-up

The schematic diagram of the experimental set-up and
diagnostics is shown in figure 1. The discharge used
for this study is produced between two planar square-
aluminum electrodes. The effective surface area of
each electrode is 20 cm? and the spacing between
them is fixed at 2.2 mm by using two glass spacers.
The top electrode is connected to the RF power sup-
ply (Comdel, CX 600AS, 13.56 MHz) via impedance
matching network (Match Pro CPM-1000) while the
bottom electrode is grounded. The glow discharge is
generated by using industrial-grade helium with a flow
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rate of 3 standard litre per minutes (SLM). Helium is
injected from the back side of the electrodes through
the teflon mount. After generating glow discharge in
the spacing between the electrodes, the working gas
is ejected into ambient air. Due to altitude, the aver-
age atmospheric pressure of Sargodha is about 992 hPa
which is used in the calculation. However, the pres-
sure may change during experiments due to variations
in weather condition.

The electrical properties of the discharge are stud-
ied by measuring the current and voltage across the
discharge simultaneously. The discharge current and
the applied voltage are measured by wide-band current
(Tektronix P6021 with a bandwidth of 60 MHz) and volt-
age (Tektronix P5100 with a bandwidth of 250 MHz)
probes. The discharge current and applied voltage
values and their characteristic waveforms are re-
corded on a digital oscilloscope (Tektronix TDS 2024B
with a sampling rate of 2 G samples/s and a bandwidth
of 200 MHz). The electrical data are transferred to a
computer. The pictures of the discharge are captured
by focussing digital camera (Kodak C 913) through the
microscope. The exposure time of the digital camera
is 2 ms. Optical emission spectrum is obtained by the
spectrometer (Avantes, Avaspec-3648) with charge-
coupled device (CCD) detector array and a grating of
1200 grooves/mm and slit width of 10 um. The wave-
length of the spectrometer is calibrated using a mercury
lamp before the experiment. More details of this device
can be found elsewhere [28].
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Figure 1. Schematic of the experimental set-up and diagnostics.
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3. Results and discussions

The characteristic discharge voltage and current wave-
forms of the atmospheric helium RF APGD plasma just
before and after the mode transition are presented in
figure 2. Applied voltage and discharge current traces
shown in figure 2 are smooth and mostly sinusoidal,
indicating a generally linear response of the discharge.
Furthermore, the current waveform leading the voltage
waveform, demonstrates that the discharge is capaci-
tive in nature. The phase angle between the current and
voltage waveforms just before the mode transition in
the o« mode and just after the mode transition in the y
mode are 76° and 56°, respectively. The shifts in phase
angle of 14° and 34° are due to the resistance arising
from the conducting plasma.

Figure 3 shows the voltage—current (Vy rm.s.—Irm.s.)
characteristics of the atmospheric helium RF APGD
plasma where the root mean square (r.m.s.) values of the
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Figure 2. Characteristic traces of the applied voltage and
discharge current for helium RF APGD plasma in (a) o
mode at 2.81 A, 388 V and (b) y mode at 2.35 A, 237 V.
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applied voltage are plotted as a function of r.m.s.
discharge current. In no-discharge regime, discharge
current increases linearly with applied voltage and the
phase difference between them is 90° indicating purely
capacitive impedance. The breakdown occurs at an
applied voltage of 185 V. A uniform purplish glow
discharge covering only part of the electrodes appears
and the phase angle between the current and the volt-
age decreased from 90° due to the presence of both
capacitive and resistive impedances. By increasing the
applied voltage, the discharge current increases almost
linearly and the V,rms—Irms curve has positive
differential conductivity suggesting typical abnormal
glow mode of the discharge. In this regime, the gradi-
ent of the V, 1 m.s.—Ir.m.s. curve is less than the gradient
of the no-discharge regime. At low input powers, par-
tial coverage of the electrodes’ surface with glow dis-
charge is observed. As the RF power rises, discharge
expands continuously over electrodes until there is full
coverage of electrodes’ surface with glow discharge.
The electrodes become totally covered with glow
discharge at a voltage of 212 V and a current of 117 A.
Further increase in input power enhances the bright-
ness of the discharge with no change in its size and
shape. The glow discharge is volumetric, homogeneous
in time and self-sustaining as shown in figure 4a. A
comparison of this volumetric discharge with atmo-
spheric helium RF APGD plasma shows that these fea-
tures are characteristics of the & mode [23,25,27,29].
Upon further increasing the applied voltage to 280V,
an abrupt mode transition occurs. The applied voltage
drops from 280 to 168 V, current decreases from 2.05
to 1.61 A and the phase angle reduces from 76° to 56°.
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Figure 3. Current—voltage characteristics of helium RF
APGD plasma.
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Figure 4. Photograph showing the cross-sectional view of the discharge and the corresponding intensity profile obtained
by the image processing of photograph in (a) the @ mode and (b) the y mode.

The discharge contracts into a less luminous narrow
plasma column with intense negative glow near the
electrodes. A comparison of this discharge with helium
RF APGD plasma shows that these features are charac-
teristic of the y mode [23,25,27,29]. It is known that
in the y mode, secondary electron emission from the
electrodes surface is dominant which enhances the opti-
cal emission near the electrodes. This is the reason for
the brightest layer to exist near the electrode as shown
in figure 4b. By increasing the RF power, current
increases and voltage remains fixed at about 168 V. The
negative glow as well as the plasma column expands
horizontally and a layered structure is observed in a
direction normal to the electrodes. Adjacent to each
negative glow and in the centre of the gap, the plasma
is relatively dim [29]. By decreasing the power, current
drops at an almost fixed voltage whereas the size of the
negative glow and the number of positive columns are
reduced. The y discharge finally transforms to a pure
o discharge. Figure 4 shows magnified photographs
of the @ and y discharge modes and the correspond-
ing visible emission intensity profiles obtained by the
image processing of the photographs.

To further understand the characteristics of each
mode and the transition between them, an equivalent
electrical circuit of the RF APGD plasma is required.
The RF APGD plasma reactor as a whole is repre-
sented by a parallel combination of plasma impedance
and parasitic capacitance due to glass spacers etc. [25].
The plasma itself is modelled as a series combination
of two capacitors representing the electrode sheaths and
a resistor representing the bulk plasma [24,30]. For elec-
trodes (surface area A = 20 cm?) fully covered with
glow discharge plasma, the parasitic capacitance (38.3 pF)
is calculated by subtracting the capacitance of a

parallel plate capacitor (8 pF) from the capacitance
measured without a plasma (46.3 pF) evaluated from
the slope of no-discharge regime. From the evaluation
of measured values of the discharge current, applied
voltage and phase angle between them using equiv-
alent circuit model, the discharge resistance and the
reactance were obtained. The sheath thickness can be
determined using the equation [31]

ds =0.76 502 f) XA, (D

where & is the permittivity of free space (Fm~!), f =
13.56 MHz in this case, X is the discharge reactance
and A is the discharge area (m?).

The electron number density of the bulk plasma can
be calculated using the equation [25,26]

Jj = —enelE, (2)
where j is the current density of the plasma bulk, e is
the unit charge, u. is the electron mobility (u.P =
0.86 x 10° cm? Torr/V s) for helium [30] and E is

the electric field of the bulk plasma which is calculated
using the equation [25]

JRA
= ——, 3)
(d — 2dy)
where R is the resistance of the bulk plasma and d is
the gap spacing.

From the formulas given above, the resistance, reac-
tance, sheath thickness and electron number density
were calculated in the current range 1.17-2.05 A.
The results of calculations for full coverage of elec-
trodes with helium « discharge are shown in figure 5.
Figure 5a presents the variation of resistance, reac-
tance and their ratio with discharge current in the o
mode. Both resistance and reactance decrease with
increase in discharge current. In this case, the rise in
input power is used to increase ionization in the fixed
plasma area which increases the discharge current and
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Figure 5. Variation of (a) discharge resistance, reactance
and their ratio, (b) sheath thickness and (c¢) electron number
density, with discharge current for fully covered electrodes
with « discharge.

the current density. Increase in ionization decreases
the discharge resistance and increases the capacitance
due to the decrease of sheath thickness as is evident
from figure 5b. However, increase in the ratio X /R in
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figure 5a indicates that the increase in capacitance was
smaller than the decrease in resistance.

Figure 5b presents the sheath thickness as a function
of discharge current. Note that the helium sheath thick-
ness decreases monotonically from 0.40 to 0.25 mm as
the discharge current increases from 1.17 to 2.05 A.
Laimer and Stori [23] calculated sheath thickness
as 0.34 mm for atmospheric pressure contaminated
helium glow discharge just before « to y mode tran-
sition with 2.5 mm spacing between the electrodes.
Park et al [32] estimated sheath thickness for atmos-
pheric pressure high-purity helium at 1.6 mm spacing
from spatial profiles of emission intensity and obtained
a value of 0.35 mm, while Moon et al [27] calculated
sheath thickness as 0.5 mm using visible emission
intensity profiles and simple series circuit model.

The electron number density vs. discharge current
is plotted in figure Sc. The electron density increases
from 0.19 x 10" to 0.47 x 102 cm™ as the dis-
charge current increases from 1.17 to 2.05 A. Park et al
[33] obtained the electron density as 0.29 x 102 ¢m—3
from neutral bremsstrahlung measurements for atmo-
spheric pressure contaminated helium glow discharge
at 2.4 mm spacing. Moravej et al [26] determined the
electron density as 0.93 x 10'> cm ™3 for atmospheric
pressure high purity helium glow discharge at 1.6 mm
spacing between electrodes. Laimer and Stori [23] cal-
culated the electron density as 0.22 x 10'2 cm™ just
before « to ¥ mode transition with contaminated helium
at atmospheric pressure for 2.5 mm spacing. Therefore,
electron number density and sheath thickness for « dis-
charge of helium exhibited in figure 5 almost match the
corresponding values presented in [23,26,32,33].

Figures 6a and 6b present the visible emission spec-
tra in 300-800 nm wavelength range recorded at 2.05
and 1.61 A r.m.s. discharge currents corresponding to
the @ and y modes, respectively. The excited helium
atomic lines 388.9, 447.2, 471.3, 492.1, 501.5, 587.5,
667.8, 706.5 and 728.1 nm are dominantly observed
because helium is the working gas. In addition, OH
line at 309 nm, excited N5 lines at 337 nm and 357 nm,
N;F line at 391.4, H,, line at 656.6 nm and atomic oxy-
gen line at 777 nm can clearly be seen in figure 6.
Nitrogen, oxygen and OH lines appear due to the
plasma forming in ambient air and the impurities in
the industrial grade helium. The emission intensity of
the entire spectral range in the y mode is significantly
more than that in the & mode.

In this study, excitation temperature which provides
information about the concentration of plasma’s
species was measured by Boltzmann’s plot method
[34]. The excitation temperature is determined using
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Figure 6. Optical emission spectra of He APGD plasma in (a)
o mode at I 5. =2.05 A and (b) y mode at Iy 5. = 1.61 A.

intensities of several spectral lines, assuming that the
population of the emitting levels obeys the Boltz-
mann’s distribution [35]. The excitation temperature
is obtained from the following equation:

Tii Mg ) E
In = - +C, 4)
< 8k Agi kB Texc

where Aj; is the wavelength, I; is the measured inten-
sity, Ay; is the transition probability, g is the statistical
weight of the upper level, kg is the Boltzmann constant
and Texc is the excitation temperature. With the help of
the calibrated spectroscopic set-up, the following He-I
spectral lines at 471.3, 492.1, 587.5, 667.8, 706.5 and
728.1 nm are obtained and used for the Boltzmann’s
plot [36]. Table 1 presents the data for the selected
He-I spectral lines [37].

In figures 7a and 7b, the function In(/A/gA) vs. the
energy of the upper level is plotted for each transition
considered and the excitation temperature in the « and
y modes is obtained from the slope using eq. (4). The
excitation temperature increases from 3266 K in the
o mode to 4500 K in the y mode. The intensity of
helium atomic lines emitted from levels having energy

Table 1. Helium spectral lines used for the excitation tem-
perature measurements [37].

Transition A(m) A (108s7h) g E(eV)
435 5 23p 4713 0.0528 3 23.59
4'p > 2'p 4921 0.198 5 23.73
3¥*D—23Pp 5875 0.294 3 23.07
3'p > 2lp 667.8 0.637 5 23.07
3¥S—23P 7065 0.0309 3 22.71
3ls > 2lp 7281 0.182 1 22.92
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Figure 7. Boltzmann’s plot of the selected He-I spectral
lines for (a) @ and (b) y modes. The excitation tempera-
tures obtained from Boltzmann’s plot are 3266 K for the «
mode and 4900 K for the y mode.

close to the helium ionization energy 24.58 eV, such
as 471.3 and 492.1 nm, increases in the y mode due
to the increase in excitation temperature from 3266 K
in the « mode to 4500 K in the y mode. A compari-
son of the results shows that the excitation temperature
of the He RF APGD plasma tallies with the other He
RF atmospheric plasmas [27]. However, it is lower
than that of low-pressure He glow discharges [34].
At atmospheric pressure, the electron-neutral collision
frequency is huge as a result of small order of mean free
paths. That is why the electrons are able to accumulate
very small amount of energy leading to low excitation
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Figure 8. The comparison of the measured N;r molecular
spectrum with LIFBASS-generated synthetic spectrum. The
estimated rotational temperatures for the « mode and the y
mode are 335 K and 485 K, respectively.

temperatures as compared to low-pressure helium glow
discharges.

At atmospheric pressure, the gas temperature can
be deduced from rotational temperature due to the
frequent collisions among heavy particles [38]. The
optical emission spectrum of N2+ molecular band is
used to estimate the gas temperature. The gas tempera-
ture is obtained by comparing the shape of the synthetic
spectrum generated by LIFBASS with the measured
N;r line around 391.4 nm [39]. This program assumes
that the rotational states are Boltzmann-distributed.
The best fit between the experiment and the simulation
reveals the rotational temperature of the experiment.
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Typical fitting of the measured spectrum with synthetic
spectrum in the & and y mode are shown in figures 8a
and 8b. The simulated spectra at 335 K and 485 K rota-
tional temperatures give best fit to the measured spectra
in the o and y modes, respectively. Therefore, the gas
temperature of He RF APGD plasma is 335 K in the «
mode and 485 K in the y mode. This gas temperature
is suitable for surface modification applications [14].

4. Conclusions

In a nutshell, the helium RF APGD plasma exhibited
o and y operation modes. The discharge parameters
such as resistance, reactance, sheath voltage, sheath
thickness, electron number density, excitation temper-
ature and gas temperature were obtained by electrical
measurements using equivalent circuit model and opti-
cal emission spectroscopy. The assessed values were
within a reasonable range. The excitation temperature
increased from 3266 K in the ¢ mode to 4500 K in
the y mode. The estimated gas temperature increased
from 335 K in the ¢ mode to 485 K in the y mode, sug-
gesting that the radiofrequency atmospheric pressure
helium discharge can be used for surface treatment of
materials.
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