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Abstract:
The plasma parameters of an RF-driven plasma microjet in different applied RF powers, different positions from the outlet
nozzle, and various argon flow rates are investigated. A double Langmuir probe is designed and constructed, then, the
electron temperature, ion density, and saturation currents along the microjet axis at different positions such as top, mid, end
and out of the microjet are measured. To avoid the collision, sparking, and corrosion effects, in high pressure plasmas,
on the characteristic curve, the double Langmuir probe was reciprocated linearly perpendicular to the plasma jet with a
frequency of 20 Hz. The four frequently used methods of the direct fitting of the theoretically obtained formula, double
slope, turning point or Dote, and cutting or intercept method are explained and used to determine the electron excitation
temperature from the experimental data and shown that they lead to similar results, so, the averaged value of these results
used in the evaluations of plasma densities. The plasma number density and electron temperature were measured using
DLP in the jet at different axial locations. The results for the electron excitation temperature from the DLP is compared
with that of obtained from the emission spectrum of the plasma jet. It has been shown that the averaged electron excitation
temperature obtained using optical emission spectroscopy (1.58 eV) is within the 25% of that measured by the double
Langmuir probe which is same as the early reported value by other researches.

Keywords: Atmospheric pressure cold plasma microjet; Langmuir double probe; RF microjet; Electron temperature;
Plasma density; Optical emission spectroscopy

1. Introduction

The use of the atmospheric pressure plasma jets (APPJs) is
in the focus of scientists, craftsmen and physicians because
of their low gas temperatures (∼ 300−1000 K) [1], capa-
bility of producing different active species such as neutral
metastable species and radicals as well as (V ) UV radiation.
The importance of these sources in biomedical applications,
such as deactivation of bacteria on heat sensitive surfaces,
wound healing or cancer treatment are well known [2–8].
The investigations on the device geometry [9, 10], charac-
teristics of the produced plasmas [11] and its interaction
with the surface of the living and non-living materials are
still open in research [2, 12–14]. Therefore completing the
human knowledge on any of these subjects is extremely
important.
Considering geometrical aspects of view, one can find a
large number of different APPJ designs driven with differ-
ent power sources including DC, AC, RF, MW as well as

pulsed voltages in different frequencies [3, 6, 9, 12, 15–17].
However, the control of plasma parameters and properties
such as temperature, electron/ion density and fluxes, as well
as reactive species densities, energies and lifetimes is still a
key challenge for the emerging applications of these plasma
sources.
Plasma jets with a diameter of less than a millimetre are
usually called microjets. The use of microjets is impor-
tant to facilitate the processing of porous materials with
fine grooves and holes. In 2002, Sankaran and Giapis have
reported the characterization and application of hollow cath-
ode sustained plasma microjets to deposit diamond crystals
and poly-crystalline films using CH4/H2 mixtures as work-
ing gas [18]. Kim and co-workers have studied the effect
of geometrical and operational parameters on controlling
the microjet temperature and length [19]. In both of these
studies, the length of the plasma channel was limited to the
inter-electrode distance leading to limitations on processing
space as well as device application. Kim has also studied a
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Figure 1. Schematic diagram of the symmetric double
probe characteristic to determine Te in double slope method
[43,45].

plasma source of single pin electrode configuration powered
by either low- or radio-frequency with the helium gas feed-
stock and could produce microplasma jet length of 5−30
mm and 1.8−3.4 mm using, respectively, kHz; 800−1200
Vrms and RF; 380− 500 Vrms. In 2011, the possibility of
guiding a pulsed microjet (of 2 mm diameter) with the rep-
etition rate of 50 kHz in a flexible silicone tube have been
reported by Clement and colleagues [20, 21]. They could
transfer the plume with maximum excited species toward
downstream regions for possible remote treatment of bio-
logical cells.

Numerous methods for atmospheric pressure plasma char-
acterization have been prposed [22–25]. Most are based
on optical emission or absorption [26]. As long as the dis-
charge is in the continuous mode (occurs at frequencies
larger than MHz), methods will give the correct values of
plasma parameters. In the case of pulsed plasmas, only a
few methods are enable of measuring plasma parameters

Figure 2. Schematic diagram of the double probe character-
istic to determine Te in turning point or Dote method [45].

Figure 3. Schematic diagram of the cutting or intercept
method to determine Te from the double probe characteristic
curve [44].

in real-time [27, 28]. Most methods will just give values
averaged over the acquisition time. Some methods have a
high spatial resolution, while many others will average the
signal over the probed volume [29]. Most of the methods
also require a deep understanding of the physical phenom-
ena, so the interpretation of the measured signal is far from
being trivial. This is a reason why they are not routinely
used by researchers who work on the modification of mate-
rials’ surface properties by plasmas but are not specialists in
plasma physics. To this end, the users are looking for a sim-
ple, cheap, and reliable technique for the characterization
of atmospheric-pressure plasmas. One such technique is
optical emission spectroscopy (OES), which can give infor-
mation on the presence of various species in the discharge.
Of course, It goes without saying that at atmospheric pres-
sures, because of the effects of opacity and self-absorption
inside the plasma column, the interpretation of optical phe-
nomena is still challenging.

Characterization of plasma parameters such as electron
and/or ion temperatures and densities, and the existence and
abundances of other species (radicals, atoms in metastable
states) is an important issue in tailoring the plasma parame-
ters for a typical application which can be done using spec-
troscopic methods including laser scattering, laser induced
fluorescence and laser absorption and molecular beam mass
spectrometry [15, 30, 31], as well as Langmuir probes [29],
microwave and laser interferometers [32], and Thomson
scattering [33]. The use of electrostatic probes specially
Langmuir probes is one of the low-cost and acceptable
methods for plasma characterization, in which a collector is
inserted into plasma then the drawn currents at various ap-
plied biasing voltages are measured. The collector must be
carefully designed (material, radius and length of probe tip)
to minimize its perturbation on the plasma. For this reason,
there is no universal interpretation for the current-voltage
(I −V ) curve therefore there are various theoretical works
published on it [34–37]. However, in spite of all difficulties,
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Figure 4. a: Schematic of the designed atmospheric-pressure plasma microjet (APPµJ), b: gas injection structure, c: an
image of the plasma jet and together with the data acquisition system including a spectrometer on the top of the image,
dual Langmuir probe on a linear reciprocating system with a DC motor (the front view), and a dielectric probe on the right
side of the image (the results of which are not presented in this article).

it can provide information about the local parameters in an
acceptable accuracy.
These probes draw DC current from the plasma which can
also include fluctuations that affect the characteristic (I−V )
curve. These fluctuations are clearly visible in current-
voltage characteristic curve of plasmas with AC sources
(kHz, RF and MW powers). The most widespread use of
Langmuir probes at present is in the semiconductor industry,
where RF sources are used to produce plasmas for etching
and deposition well under atmospheric pressure. Because
of the source frequency induced fluctuations, the use of a
simple single probe in these plasmas results in incorrect
electron temperatures [35]. There are several approaches
proposed to prevent happening of this kind of error; a) us-
ing a filter and/or compensation circuits b) making use of
a double Langmuir probe (DLP) instead of a single probe
(SLP).
A double probe has an independent and floating nature and
basically is not affected by plasma [38] and capable of mea-
suring the plasma characteristics locally [35, 37, 39]. In this
configuration one of the electrodes being biased relative
to the second one, rather than to the ground. The theory
of the DLP is similar to that of a single probe, except that
the current is limited to the ion saturation current for both
positive and negative bias voltages which can be considered
as an advantage of the double probe. The electron current
could be completely controlled by the ion saturation current
so that probe would draw a very little amount of current
without disturbing the whole plasma condition.
The best method to evaluate the plasma plume at atmo-
spheric pressure is the use of spectroscopy, which provides
more reliable data but unlike the double probe which mea-
sures the characteristics of plasma locally, the spectroscopic
approach gives information over a large volume of plasma.
In 2007, Srivastava showed that the electron temperatures
from the Langmuir probe exceeded those obtained from
spectroscopy [40]. However, there are also works such as
the research of Sun and co-workers, in which the results of
the double probe confirm the results of spectroscopy [41]. In
fact, arriving radiations from different points of the plasma
plume interfere in the spectroscopy of a specific point, so
to localize measurements with high spatial resolution, very
complex optics are required. However in the measurement

with the Langmuir probe, it is possible to evaluate the evolu-
tion of electron temperature and density at different points
along the plasma column.
In this study, a RF-driven atmospheric pressure plasma jet
is designed and constructed; then, the plasma microjet pa-
rameters are evaluated by double probe measurements. The
measurements are performed at different gas flow rates by
applying the different RF powers on four positions on the jet
axis. The electron excitation temperature is, also, measured
using optical emission spectroscopy and the result obtained
is compared with the results obtained from the Langmuir
probe.

2. Probe measurements
As mentioned above, using a double probe is the easiest
way to diagnose RF generated plasmas. Research on the
measurement of electron temperature also suggests the su-
periority of the double probe over the single probe with
compensation component [38]. The relationship between
the current and voltage of the double probe tips is as fol-
lows [42]:

I = IiS tanh(
eV

2kBTe
) (1)

in which, I, IiS, V , Te, e, kB are the current of double probe
circuit, ion saturation current in the double probe, Potential
difference between the two tips of probe, electron tempera-
ture, electric charge of electron, and the Boltzmann constant,
respectively.
There are several methods for extracting electron temper-
ature from the double probe characteristic curve [43–48].
The four frequently used methods, among others, namely
the direct fitting of the Equation (1), double slope, turning
point or Dote, and cutting or intercept method have been
chosen and used to interpret the experimental data in this
research.
In direct fitting method, the Equation (1) is fitted directly on
the experimental data for different ion saturation currents
and electron temperatures. When the two probes are not ex-
actly identical the obtained characteristics curve will not be
symmetrical, therefore the parameters of a and x0 are added
to the above mentioned relationship as the coordinates of
the turning point of the curve to cover asymmetric states
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Figure 5. Applied voltage with plasma on mode (solid) and
without plasma off mode (dot-dashed) as well as discharge
current measured with plasma on mode (dashed) and with-
out plasma off mode (dotted) (a), V − I curve for plasma
on/off (b).

as well. These coefficients do not affect the calculation
of temperature and electron density, because the electron
temperature and ion saturation current are calculated from c
and b, respectively. Therefore the generalized double probe
equation to fit on the experimental data can be given as:

y = a+b tanh[c(x− x0)]

x0 can be interpreted as the potential difference caused by
the asymmetric placement of the probe tips, which causes
the asymmetry of the characteristic curve and causes the
current to flow in the absence of any applied bias, thus
causing the altitude of a. The parameters b and c denote the
be interpreted as the ion saturation current and the electron
temperature, respectively.
In the double slope method, two slopes are drawn on the
characteristic curve of the probe, one slope at the point
of inflection, located at the origin in Fig. 1, and another
slope in the ion saturation current region. The intercept of
the two slopes gives the ion saturation current (IiS). The
electron temperature (Te) can be derived from Equation (1)

as follows [43, 49]:

Te(eV ) =
IiS

2

[(
dI
dV

)
V=0

]−1

(2)

In addition, the horizontal distance between the intersection
points of the two slopes on both sides of the characteristics
curve (Fig. 1) is equal to 4kBTe and the electron temperature
can be derived from it.
The turning point or Dote method, shown in Fig. 2, uses the
slope of positive ion saturation current, S, the slope of the
characteristic curve at its inflection point, (dIp/dV )V=Vin f ,
and the total ion saturation current, ∑k Ipk, determined by in-
tersection points of the ion saturation slopes with inflection
point slope to drive the electron temperature [45]:

Te(eV ) =
∑k |Ipk|

4
[
(

dIp
dV )V=Vin f −0.82S

] (3)

This method results in a more accurate electron temperature
than other methods, because in other methods, if the slope
of the ion saturation zone is larger, it leads to incorrect
estimation of the electron temperature.
In the cutting or intercept method, the electron temperature
is obtained using [44]:

Te(eV ) =
V (2)

d −V (1)
d

ln
(

F−1
D−1

) (4)

where, F = ∑ ip/i(1)e , D = ∑ ip/i(2)e and other related param-
eters are shown in Fig. 3. It is found that, the proximity
of values V (2)

d and V (1)
d to the knees of the curve leads to a

good agreement of Te with that obtained by the other meth-
ods.
We have used these four methods to evaluate the electron
temperature and compared the results, as well as, used
their averaged value to evaluate the electron density, Debye
length and plasma frequency.
The electron density can be measured from the ion satura-
tion current and electron temperature using the following
equation [37]:

IiS = 0.6eAn

√
kBTe

mi
(5)

where A and n, respectively, denote the tip surface area and
plasma density at far away from the probe.
As discussed earlier probe measurements have several lim-
itations based on its complicated theory. Particularly in
the case of collisional plasma or in the presence of mag-
netic field, probe measurements need correction for getting
meaningful results. Early theories of the Langmuir probe
were generally based on low pressure discharges, which did
not take into account the interactions between particles in
the probe shell and assumed the potential of the plasma to
be invariant. In 1950 Johnson and Malter were studied a
time-varying discharge using a dual probe [44]. The first
attempt in studying collisional plasmas were made to form
in the late 1990s, but the first appropriate mathematical
analysis in this case has been reported by Su and Lam [50]
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as well as Cohen [51]. Using numerical results, Cohen pre-
sented a model for the study of collisional plasma probe.
In 2002, Talukder used Cohen’s results and presented a
normalized formulation for a single probe in collisional
plasma [52], which was also developed in 2010 by Saito for
a dual probe [53].
At atmospheric pressures, the plasma becomes highly colli-
sional as the ion-neutral mean-free-path becomes smaller
than the Debye length. Neglecting of collisional corrections
in formulation will result in unrealistic electron tempera-
tures. Based on numerical results and a normalized formu-
lation for a dual probe, it has been shown that in collisional
plasmas, the electron temperature can be obtained from the
following equation [53]:

Te(eV ) =
IiS

6.16

[(
dI
dV

)
I=0

]−1

(6)

Theoretically IiS should be the same for both probes but
in practice, the curve is not symmetric and the two probes
have different values of ion saturation currents. Therefore,
IiS is taken as an average of the saturation currents of both
tips.
In addition, how to place the probe inside the plasma jet has
been investigated by Blair [54] and been shown that the two
tips may be placed symmetrically about the jet axis, which
has been obeyed in this study.

3. Experimental setup and plasma jet aspects
Choosing a tapered geometry for the outer grounded elec-
trode, an atmospheric-pressure plasma microjet (APPµJ)
device is designed and fabricated for further investigation
on it. The system is designed such that the replacement of
its parts to be very easy. The inner electrode, which could
be a hollow cylindrical tube with different inner and outer
diameters (here, a medical syringe) or solid steel nail rod
with the same diameter as the outer diameter of the used
syringes, is powered using a built in BNC-connector and
RG-213U coaxial cable (1.2 m in length) via the RF L-type
matching unit. The outer grounded electrode is shaved from
aluminium in tapered shape so that the electrode thickness
is 1 mm all over it. The isolating dielectric (here Polyte-
trafluoroethylene (PTFE)) between the two electrodes is
shaped the same as the outer electrode and placed inside
of it to cover its inner surface. This system may be put,
globally, into DBD-like plasma jet category proposed by Lu
and co-workers in 2012 [55]. The working gas entrance is
designed so that the gas could be injected straight along the
radial direction as well as with a vortex type motion with
a possible maximum angular velocity as shown in Fig. 4b.
The working gas in this study was argon with the purity of
99.999% and various flow rates.
The dimensions of the constructed prototype are 38mm×

15mm which can be made even smaller using sophisticated
manners. The schematic of the constructed APPµJ and its
gas injection structure together with an image of experi-
mental setup showing the plasma jet together with the data
acquisition system including a spectrometer (on the top of
the image), dual Langmuir probe on a linear reciprocating

Figure 6. A schematic of the testing layout. The voltage
between the two probes from voltmeter can be detected and
tuned. Also, the value of the probe current is read from the
ammeter or oscilloscope.

system with a DC motor (from the front view), and a di-
electric probe, on the right side of the image, (the results of
which are not presented in this article) are shown in Fig. 4.
Several experiments were carried out by changing the type,
shape, length, and diameter of the inner powered electrode.
In all of these experiments, the inner electrode is powered
by RF power generator (Basafan RFG03BF) with maxi-
mum output power of 300 W and frequency of 13.56 MHz
as shown schematically in Fig. 4a. The measurements were
carried in our laboratory where a relative humidity of 40%
and a room temperature of 27°C are typical.
The electrical properties of the discharge were studied by
measuring the voltage applied on the powered electrode and
discharge current. The discharge currents are obtained by
measuring the potential deference between the two elec-
trodes of a 3.3 nF capacity placed between grounded elec-
trode and the ground. The data are registered by a 300
MHz digital oscilloscope (GW Instek GDS-2304A) with a
sampling rate bandwidth of 2 GS/s and averaging over 256
samples, through a high voltage probe (Pinte kHVP-39Pro).
Fig. 5a shows typical variations of the discharge voltages
and currents versus time.
In the plasma off mode, the phase difference between the
current and voltage is nearly 90°. In this case, there is a
capacitive impedance of about MΩ corresponding to the ca-
pacitance of 1.8−2.0 pF. The capacitance of the system in
this state is measured using the RLC meter (KDK Kokuyo
Electric Co. Ltd.: KC-605) to be 1.8 pF. On the other hand,
when plasma is ignited, the phase difference between the
voltage and the current reduces significantly. The current
signal increases and deforms, while the peak-to-peak value
for the voltage get smaller than for the plasma off state with
no Ar gas flow. The plasma ignition introduces a parallel
nonlinear load onto the electrical circuit and the slope of
the V − I curve is lower in this case (Fig. 5b).
If we consider the voltage to current (peak-to-peak) ratio
as a measure of the real resistance (differential resistance)
of the plasma system then according to Fig. 5b, the re-
sistance of gaseous medium (before discharge ignition) is
larger compared to its value for plasma (after ignition). In
launched plasma jet, the increment of voltage lead to an
increase in jet length, which can be related to increase in
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Figure 7. Langmuir double probe on the linear reciprocating
system which has been constructed using a CD-ROM DC
motor.

conductivity of the medium or decrease in its resistance as
is discussed above.

4. The probe diagnosing
A double cylindrical Langmuir probe (DLP) was designed
and constructed using a 0.3 mm diameter tungsten wire.
The probe tips with lengths of 1.5 mm are located at the
distance of 1 mm from each other (Fig. 6). To find a typical
dimeter of the possible launched plasma jet a series of scan
experiments using various gas flow rates and applied RF
powers was done which indicated the distance between the
two probe tips should be less than approximately 1.2 mm
and has been taken into account in DLP design and con-
struction.
High pressure plasmas are highly collisional environments
and the collisions can prevent the formation of a suitable
sheath in high gas flow rates and applied powers, sparking
occurs between the tips of the Langmuir probe and causes
corrosion of the tips and changes the characteristic curve of
the probe. Any change and deviation in the characteristic
curve deviates the plasma parameters from their real values.
In addition, increasing the presence time of the probe inside
the plasma also causes sparking and intensification of tip
corrosion. To avoid these problems, the time of placing
the probe inside the plasma should be reduced. For this
purpose, the Langmuir probe was placed on a linear servo
motor and the frequency of its reciprocating movements
(along the axis of the probe and perpendicular to the direc-
tion of the plasma plume propagation) was set to 20 Hz (Fig.
7). The data collection voltage had a saw-tooth waveform
and its repetition frequency was chosen to be 1000 Hz so
that approximately 48 data series could be taken during the
stay time inside the plasma and the average of these 48 data
series was used as the characteristic curve of the probe. In
this case, the disturbance caused by the probe and sparking
between the probe tips is reduced and the resulting data
for the electron temperature seemed more reasonable. An
example of direct fitting on the characteristic curve is shown
in Fig. 8. which was recorded under the conditions of gas
flow rate of 4.5 slm and applied power of 26 W at position
2.
The plasma number density and electron temperature were

measured using DLP in the jet at different axial locations.
Experiments were done for different argon flow rates (3,

Figure 8. A typical probe characteristic curve at position 2
by 4.5 slm gas flow rate and 26 Watts applied power. Based
on the direct fitting method, the hyperbolic tangent curve is
fitted on the data and the electron temperature is calculated
from the slope at the turning point of the curve (coefficient
c).

4.5, 6, 7 and 8 slm) and RF powers (14, 18, 22 and 26 W)
at the four axial positions of onset, mid, end and out of the
jet which are, respectively, indexed with 1, 2, 3 and 4 in Fig.
6. A typical probe characteristic curve at position 3 for 4.5
slm gas flow rate and applied power of 26 Watts is shown
in Fig. 8.
All of the voltage and current data were recorded using 300
MHz digital oscilloscope (GW Instek GDS-2304A) and
interpreted using Origin-2017 software. As mentioned in
the introduction section, four different methods of modified
direct fitting, double slope, turning point or Dote, and cut-
ting or intercept were used to analyse data and calculate the
electron temperature. The averaged electron temperature is
corrected for collision effects, as illustrated in Equation (6),
by dividing it to 3.08, then, the result is used to calculate
density and other parameters. Because of the higher prob-
ability of corrosion due to arcing and hence temperature
rising, especially at high applied powers, data logging at the
position 1, (the closest to the nozzle exit), was operated at a
higher reciprocating speed.
Fig. 9 shows the obtained electron temperatures, plasma

densities and saturated currents in four positions on the jet
axis (1, 2, 3 and 4) under different argon flow rates (3, 4.5,
6, 7 and 8 slm) with 14 W applied RF power.
It can be seen from Fig. 9 that the electron temperature has
a local maximum at the position 2 then goes to the local
minimum at the position 3 and eventually increase a bit
sharply moving toward the position 4. The low tempera-
ture observed at the position 1 (at the active zone outlet)
may related to the back-pressure occurred inside the dis-
charge chamber due to the small outlet hole. The discharge
chamber is strongly collisional and the electron tempera-
ture is lower. In the nozzle outlet duct where ionized gas
launches to the ambient air, the gas outlet speed increases
due to the Bernoulli’s effect. The gas passing through the
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Figure 9. The electron temperature (a), ion density (b) and
the averaged ion saturation current (c), measured at four
different positions of onset (1), middle (2), end (3) and
outside the plasma jet (4) with a fixed 14 W applied RF
power.

jet’s hole, experiences a pressure drop and cools. The elec-
tron temperature in mid of jet (position 2) is higher which
can be thought of the true jet electron temperature, can be

Figure 10. The changes in electron temperature (a), ion den-
sity (b) and average ion saturation current (c) by increasing
RF power. The RF power was set at 14, 18, 22 and 26 W
while the argon flow rate was constant at 4.5 slm.

due to the increased electron free path because of lower
plasma pressure between positions 1 and 2. The decrease
of the electron temperature toward the position 3 can be
related to the increase in the plasma pressure and the incre-
ment of electron neutral collisions [56] as well as radiative
recombination losses of ions and electrons. The electron
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Figure 11. Optical emission spectrum at middle of the plasma plume (position 2) with an applied power of 30 W and gas
flow rate of 4.5 slm.

temperature increment toward the position 4 cannot have
a physical interpretation. It may be due to the very low
ion saturation current in this position and hence larger error
in the measurements as well as directed plasma divergent
motion at that region as a result of electric field line fringe
in this region.
The reduction of the ion density along the jet axis, maybe,
due to recombination of charged particles in plasma and
penetration of electronegative gases such as oxygen and
nitrogen molecules and atoms from ambient air into the
jet [54].
The effect of gas flow rate on the electron temperature, ion
density and saturation current along the plasma jet axis
at the above mentioned four different locations are also
illustrated in Fig. 9. It can be seen that the electron temper-
ature, regardless of some fluctuations within the error bars,
behaves in a similar manner for the first three positions,
monotonically increasing by the increment of gas flow rate,
but the results for the fourth position behaves differently.
For all of the flow rates, the electron temperature at position
2 is higher than the positions 1 and 3, but at position 4 it is
the highest.
Increasing the gas flow rate is equivalent to an increase in
gas pressure inside the discharge chamber leading incre-
ment in gas velocity when going out of the outlet hole. As
reported by Mariotti and co-worker, and Roy and Talukder
[56, 57], it is expected that the electron temperature de-
creases with the flow rate increment. However, our results
shown in Fig. 9a disagrees with it, viz. the electron temper-
ature increases with the flow rate increment. This kind of
behaviour has been reported by Bolouki and co-worker [58].
They reported the local maximum and slight fluctuations
in the electron temperature curve with respect to changes
in gas flow rate. Ouyang and co-worker also reported an
increase in electron temperature due to changes in gas flow
rate in microwave plasma [59]. It can be said that due to the
highly collisional nature of the plasma, it becomes strongly
affected by convective forces, the flow structures, and tur-
bulence. The gas flow rate directly affects the flow velocity
and the Reynolds number. In gas flow rates above 2.5 slm,

the plasma plume is in the phase of laminar-to-turbulent
transition. The turbulence may be responsible for this kind
of behaviour.
One can see from Fig. 9b that the ion density decreases with
the increment of gas flow rates which can be an evidence of
low electron – ion collision rates, again, due to an increase
in pressure drop in plum region and recombination loss of
charged species.
Finally, four measurement are performed by different ap-
plied RF powers for fixed 4.5 slm gas flow rate at position 2.
The results are shown in Fig. 10. It can be seen that the elec-
tron temperature decreases with the power increment which
is in agreement with Mariotti and Blair’s works [54, 56]. In-
creasing the power, the plasma envelope around the central
powered electrode increases so that more of the powered
electrode lengths covered by plasma, therefore the total
surface area available for electron emission getting maxi-
mum. The field in the plasma volume is probably weakened
due to longer field path and higher electron density, as a
consequence, energy exchanged between the field and the
charged particles is also weakened leading to lowering the
electron temperature by power increment, observed in Fig.
10. It has been explained that, this would not drastically
affect the ionization efficiency by electron collisions at high
electron energies. Because the overall electron temperature
is reduced but the ionization rate is increased by a larger
source of electrons at the powered electrode surface leading
to an increased ion density [47, 56, 60].
Swift and Schwar have reported that DLPs measure only the
upper 14% of the electron energy distribution [61]. Thus,
the high Te values obtained here may only represent the
high end tail of the distribution and the vast majority of the
electrons are at much lower temperatures. There are no wall
losses of charged particle in plasma jets; therefore electrons
are lost primarily via recombination reactions with ions.
At low powers where the plasma volume is significantly
smaller, the low energy electrons are lost in recombination
reaction, due to the preferential electron–ion recombination
of low energy electrons, leaving the high energy electrons
to be collected by the probe so the measured electron tem-
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perature has to be slightly high. At higher input powers,
there is also increased ionization and a larger plasma vol-
ume which can spread the energy among more particles and
hence reduce the average electron temperature.
To compare the data obtained from the Langmuir probe,
with the applied power of 30 W and the gas flow rate of 3
slm, the emission spectrum of the plasma jet was recorded
from the middle of the plasma plume (position 2), using an
Ocean Optics spectrometer model HR2000, and shown in
Fig. 11. There are various interpretations of emission spec-
tra presented in different articles such as the intensity ratios
lines from neutral excited atoms or ions, Stark broadening,
Doppler broadening, and Boltzmann plot of neutral atoms
or Saha-Boltzmann plot of ions [62–70].
The basis of the calculation in the method of the two neutral
argon lines (Ar I) intensity ratio [63] is the use of two levels
with a large transition energy difference, which makes the
electron temperature calculation completely dependent on
the choice of the selected two levels, so , a range of electron
temperatures are obtainable. For example, by choosing the
two couple of lines of 703.06 and 912.21 nm and 794.49 and
912.21 nm from Fig. 11, the electron temperatures of 0.68
eV, and 1.91 eV are obtained, respectively. In 2018, Mel-
nikov [71] used the intensity ratios of three emission lines
of 425.93, 451.07 and 763.53 nm to 811.63 and reported
that the average temperature obtained from these three ra-
tios was consistent with the temperature obtained from the
Langmuir double probe. Using this method, the electron
temperature of the plasma plume in our investigation is eval-
uated to be 1.44 to 3.38 eV with the average value of 1.58
eV. As one can see from the Fig. 9, the electron excitation
temperature at the position 2 for 26 W applied power and
3 slm of gas flow rate, measured by DLP, is nearly 6 eV
which is four times of the electron temperature obtained by
optical emission spectroscopy (OEM) viz. 1.58 eV. This
result is in good agreement with the reports of Balcon and
colleagues and Garamoon et al. which deduced that the
electron temperatures obtained by OEM is in agreement
within 25% of that obtained using Langmuir probe [72, 73].

5. Conclusion
An RF-driven atmospheric pressure plasma microjet,
APPµJ, is designed and fabricated with a tapered grounded
electrode, and the plasma parameters are evaluated by
double probe (DLP) measurements. Four usual methods
of modified direct fitting, double slope, turning point or
Dote, and cutting or intercept are explained mathematically
and used to interpret the experimental data. It has been
shown that all of these methods give nearly the same
results, then, the average value of the obtained electron
temperature is used for plasma density, Debye length and
plasma frequency evaluations.
For comparison the results obtained by Langmuir probe,
the emission spectrum of the plasma jet was recorded from
the middle of the plasma plume, using an Ocean Optics
spectrometer model HR2000. Based on the method that
Melnikov has adopted regarding the intensity ratio of the
three lines of 425.93, 451.07 and 763.53 nm to 811.53
nm, the recorded spectrum data were analyzed and the

averaged electron excitation temperature of the plasma is
obtained as 1.58 eV. It has been shown that this value of
the electron temperature is within the 25% of that obtained
using Langmuir probe.
The plasma number density and electron temperature were
measured along the microjet at four different axial locations.
The results have shown that moving away from the outlet
nozzle, the electron temperature found local maximum
and minimum at the middle of the plasma plume, then
this result has been interpreted. The ion saturation current
and density monotonically decreased away from the outlet
nozzle.
Measurements carried out at different input powers and
showed that the electron temperature decreased by the
increment of applied power, then, this result has been
justified. However, the plasma density and the saturated
current increased monotonically versus input power.
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