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Abstract  An electron-excited temperature (Tex) is not determined by the Boltzmann plots only with the spectral data

of 4p→4s in an Ar-plasma jet operated with a low frequency of several tens of kHz and the low voltage of a few kV,

while Tex can be obtained at least with the presence of a high energy-level transition (5p→4s) in the high-voltage

operation of 8 kV. The optical intensities of most spectra that are measured according to the voltage and the measuring

position of the plasma column increase or decay exponentially at the same rate as that of the intensity variation;

therefore, the excitation temperature is estimated by comparing the relative optical-intensity to that of a high voltage.

In the low-voltage range of an Ar-jet operation, the electron-excitation temperature is estimated as being from 0.61 eV

to 0.67 eV, and the corresponding radical density of the Ar-4p state is in the order of 1010~1011 cm−3. The variation of

the excitation temperature is almost linear in relation to the operation voltage and the position of the plasma plume,

meaning that the variation rates of the electron-excitation temperature are 0.03 eV/kV for the voltage and 0.075 eV/

cm along the plasma plume.
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I. Introduction

Ar spectroscopy has been studied fairly comprehensively

[1,2], with most of the research concerning a low pressure

and a high electron-energy; moreover, numerous papers

regarding the spectroscopy of ambient-pressure Ar jets

were reported over the last decade [3-14]. In the low-

frequency operation of several tens kHz for an atmospheric-

pressure Ar-plasma jet that was introduced recently [15], a

low current and a low voltage are imperative for the

protection of a human body from an electric shock and

thermal damage; therefore, the operation range of the

applied voltage is quite narrow. This study is concerned

with the information regarding the radical species in the

plasmas of such weak currents. The purpose of this study

is the use of a spectroscopic investigation of Ar-jet plasma

for the provision of radical-species information, including

density, and the determination of the electron-excitation

temperature. Specifically, variations of the excitation

temperature and the excited-radical density according to

the operation voltage and the plasma position are studied

and discussed. The theory of the excitation temperature is

described in Section 2. The experimental setup and the

optical spectra are recorded according to the voltage

variations and the measuring points in Section 3. With the

use of the spectral data, the electron-excitation temperature

and the radical density of the excited-Ar atoms are

analyzed in Section 4. And the conclusion is presented in

Section 5.

II. Excited Electron Temperature with a
Relative Spectra-Intensity

Non-equilibrium plasma of an atmospheric pressure

plasma jets (APPJs) is not relevant to the approximation of

a local thermal equilibrium (LTE). LTE is applicable to the

plasma of relatively high electron energy, for instant, a low

pressure discharge-plasma [16-19]. In Boltzmann plots

based on LTE, an electron excited temperature (Tex) can be

determined with the spectral transition-data in a quite wide

range of energy level. Besides a low pressure discharge,

LTE can be retained in the plasma of a high pressure

discharge such as a microwave discharge [20-21] and an

arc-discharge [22]. However, in APPJs operating with a

low frequency of several tens kHz, it is hard to determine

Tex with the Boltzmann-plots because a high level

transition would not appear in a general operation-voltage. 

In this study of APPJs, we expand the operation range to

a high voltage for a high energy-level transition with which

we can estimate Tex from the Boltzmann plots. Using the

‘line-pair method [20]’ comparing a spectrum intensity of

a low voltage operation to the intensity of a high voltage

operation, we interpolate Tex for a low voltage operation
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with the known value Tex obtained for a high voltage

operation. Even though the LTE approximation and the

Boltzmann distribution are not proper in the analysis of

APPJs, we expect to be able to have a ball-park figure in

respect of Tex and the related radical density.

An excitation temperature can be deduced from the

absolute intensity of the atomic line by assuming a local

thermal equilibrium. The formal excitation temperature

corresponds to the electron energy that can excite atoms

from the ground state to the excited state, and it is

evaluated using the Boltzmann distribution; here, the

relation between the population density of the atoms Nj that

are in a state with energy Ej and the total number of atoms

No in the system is determined [16-17], as Nj = (Nogj/Z)exp

(-Ej/Tex) where Tex is the electron-excitation temperature, gj

is the degeneracy of level-j, and Z is the partition function.

When the atoms are in the excited state-j, which is decayed

spontaneously to a level-i by radiative emission, the plasma

emissivity Iji is proportional to the number of atoms in the

state-j according to the following equation:

(1)

where h is Planck’s constant, c is the velocity of light in

a vacuum, Aji is the Einstein coefficient, λji is the

wavelength of the emission, and fc is the correction

function related to the detection-sensitivity calibrations

regarding factors such as the exposure time and the

filtering.

The conventional Boltzmann-plot technique for the

determination of the excitation temperature is represented

by the formula of ln(Ijiλji/Ajigj) = -(Ej/Tex) + constant. From

the best fitting, the inverse of the slope gives the electron-

excitation temperature Tex. A Boltzmann plot is one of the

most effective approaches for the determination of the Tex;

however, a greater accuracy is obtained if the used

emission lines cover a wide excitation-energy range.

If the temperature Tex is a known value, we have the

excited density Nj where only the electron excitation

collision is considered. The partition function of Z =

Σgjexp(-Ej/Tex) is the sum of the weighted Boltzmann

functions of all of the energy levels. If the ground state of

j = 0, Eo = 0, and go = 1 is dominant in the partition

function, which is the case regarding Ej >> Tex and the

excited density of N << No for the state of j ≥ 1, Z~1 is

approximated, and this is valid for the Ar spectra if the first

excited state satisfies at least E1 >> Tex.

A special case of the Boltzmann plot, the so-called ‘line

pair method [20]’ for which the relative-line intensity is

used, has also been employed in the determination of Tex.

Similarly, when the excitation temperature Texo is known

for a specific operation condition, the variation of Tex

according to the variation of the operation condition is

estimated. If the optical intensity Iko changes to Ik for the

same spectrum λk and the transition-energy level Ek, the

temperature Tex is calculated as Iko/Ik = exp[-Ek(1/Texo + 1/

Tex)]; therefore, the relation is represented by the following:

(2)

III. Experiments and Spectra-Intensity

The schematic of the experimental setup, which is

similar to those used in our previous works [23-28], is

shown in Fig. 1. The main body of the plasma-jet system

comprises a syringe needle. The inner diameter of the

syringe needle is 0.9 mm, while its outer diameter is

1.3 mm. The syringe needle is inserted into a quartz tube

with an inner diameter of 1.5 mm. The working Ar-gas is

injected through a Teflon tube controlled by a mass-flow

meter. The open end of the outer quartz tube is wrapped

with copper foil of a 3 mm width and acts as an external

ground electrode. The needle electrode is connected to

high-voltage sinusoidal power that supplies a maximum

voltage of 10 kV of an rms (root mean square) value with

a 20 kHz frequency. The Ar-gas flow rate is fixed with Q

= 2 lpm to keep a laminar flow in a glass tube with an inner

diameter of rD = 1.5 mm, where the Reynolds number is Rn

= 1.78 × 103 (Q/rD) = 2373 [28].

An optical fiber (mounted vertically onto the axis of the

jet) coupled with an Ocean Optics HR4000CG-UV-NIR

spectrometer is used to obtain the spectra from the

discharge plasma. The optical fiber is located in a

perpendicular position 5 mm from the surface line of the

glass tube. The spectral resolution and spectral range of the

optical emission spectrometer are 0.75 nm and 200 nm to

1100 nm, respectively. The spectrometer is calibrated with

a certified tungsten lamp for the production of corrected

relative intensities. The gate time of the optical-intensity

integration is adjustable from 4 ms to 20 s. The maximum

intensity of the light emission is monitored at 150,000

counts, with a sensitivity of 100 photons per count. The

function of the dark-current correction is used throughout

the entire measurement. 

The optical-emission spectra are measured according to

the operation voltages that are applied to the syringe

Iji fchcNo Z⁄( )Aj i gj λj i⁄( ) Ej Tex⁄–( )exp=

1 Tex⁄ 1 Texo 1 Ek⁄( ) Ik Iko⁄( )ln–⁄=

Figure 1. The schematic of the experimental setup for the OES
measurement with the Ar-plasma jet comprising a syringe
needle inserted into a glass tube.
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electrode and the positions along the plasma column. The

measuring points are located at distances of 1 mm, 3 mm,

5 mm, 7 mm, and 9 mm that are respectively noted with

the numbers ①-⑤ from the end of the external ground

electrode.

The spectra are obtained for operation voltages in the

range from 2 kV to 5 kV, and the corresponding excited-

plasma current is from 3 mA to 16 mA. Even if the

operation voltage is recommended in the range of 2 kV to

3 kV, with a current from 3 mA to 7 mA for electrical

safety (an electric shock is not experienced) regarding the

human body, we measured the data in the range expanded

from 2 kV to 8 kV for the analysis. At the voltage of 2 kV,

the visual plasma reaches only the position ⑤ that is 9 mm

from the end of the external electrode; moreover, for the

increasing voltage of 3 kV to 5 kV, the plume length

increases from approximately 10 mm to 25 mm.

The optical spectra are recorded according to the voltage

variations and the measuring points in the subsections 3-1

and 3-2, respectively.

1. Spectra according to the voltage

At the fixed position ③ (the position of 5 mm) of the

optical fiber, the plasma-emission spectra are measured

with voltages of 2 kV, 3 kV, 4 kV, 5 kV, and 8 kV. The

spectra are depicted in Fig. 2. With the operation voltages

of 2 kV to 5 kV, only the red-line transitions of 4p→4s for

the Ar spectra are appeared, whereby the blue-lines of the

5p→4s transitions are not observed. However, it is

necessary to have a wide range of excitation-energy levels

for the exact value of the electron-excitation temperature

Tex by fitting in the Boltzmann plot. For the Ar spectra of

a high-energy-level transition from the 5p level, an

additional experiment with the high voltage 8 kV is

conducted and the new Ar spectra of 5p→4s are observed

even if the corresponding optical intensity is low.

In the experiments for the 2 kV to 5 kV range, the

exposure time is 500 ms; however, when we use the

exposure time of 500 ms for the high voltage of 8 kV, the

intensity in our OES exceeds the maximum limitation

intensity of 150,000 (photon counts). We therefore reduced

the exposure time to 40 ms, and the measured value of the

optical intensity is instead adjusted by 12.5 times since the

intensity has been verified to be exactly proportional to the

exposure time. The intensity for 8 kV is therefore adjusted

by a multiplication of 12.5 times for a comparison with the

intensity data of 2 kV to 5 kV. The relative intensity

according to the exposure time has been verified by the

OES calibration.

The spectra are the same kind as those that appeared in

the operation of the low voltages from 2 kV to 8 kV except

the spectra of 5p→4s for 8 kV. The typical high-intensity

lines of Ar-transitions 4p→4s in the emission spectra range

of 700 nm to 900 nm, such as 763 nm, 811 nm, and

912 nm, appeared [9-10]. The line of 811 nm, the highest

Figure 2. Optical-emission spectrum measured at ③ (5 mm
from the end of the external electrode) with the applied
voltages of 2 kV, 3 kV, 4 kV, 5 kV, and 8 kV on the Ar-plasma
jet.

Figure 3. The variation of the optical-emission intensity
according to the operation voltage is presented for the spectra
of Ar. The log value of intensity I that is normalized by the
intensity Io of 2 kV is proportional to the voltage so that the
intensity of all of the Ar spectra varies as I = Ioexp(+0.74 V), as
noted by the fitting line.
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line of the low-pressure Ar discharge, is often used for the

monitoring of the population of the argon meta-stable level

by absorption [10]; however, as has often appeared in other

studies, the highest line of the atmospheric-pressure Ar jet

is 763 nm [10,29-30].

Figure 3 depicts the variation of the optical intensity

according to operation voltages from 2 kV to 5 kV. The

plot presents ln(I/Io) versus voltage V, where the spectral

intensity I is normalized by the reference intensity Io of the

lowest voltage of 2 kV. The intensity increases exponentially

according to the increasing voltage with an increasing rate

that is almost the same; in particular, the intensity increase

of the Ar spectra shows exactly the same slope of

approximately 0.74 when it behaves as a function of I =

Ioexp(+0.74 V). The intensities of all of the Ar spectra

therefore vary with the electron-excitation temperature that

is also changed linearly according to the operation voltage;

this will be shown again in the following section 4, where

the excitation temperature will be determined according to

the variation of the optical intensity.

2. Spectra according to the position of the plasma 

column

For a fixed voltage of 3 kV, the spectra are shown in Fig.

4 with the several measuring points. The distances of

1 mm at ① and 3 mm at ② are in the glass-tube inside

nozzle; the other three positions in the outside nozzle in the

open air are 5 mm at ③, 7 mm at ④, and 9 mm at ⑤. The

numbers of ①-⑤ are noted in Fig. 1. The distance in mm

is from the end of the external ground electrode. The

species of the spectra in Fig. 2 and Fig. 4 are the same

kinds, but the optical intensity varies according to the

voltage and the measuring position.

Figure 5 presents the variation of the optical intensity

along the positions of the effluence plasma for the Ar-

spectra. The reference intensity Io is taken at the position of

1 mm for the relative intensity I at the other positions in the

range of 2 mm to 9 mm. The graph is plotted between ln(I/

Io) and the position x = (1-9) mm. Similar to Fig. 2, the

relative intensities of the Ar-spectra decay exponentially

with a decay rate that is almost the same as the increasing

distance x from the plasma, from the inside of the glass to

the outside. The slope of the exponent decay rate is 0.25 in

the graph; therefore, the optical intensity is interpolated as

I = Ioexp(-0.25x). The electron-excitation temperature can

be evaluated using the variation of the optical intensities of

the Ar spectra in the following subsection 4.

IV. Analysis of Excitation Temperature

In the previous section 3 of our experiments, we observe

the Ar-spectra of 4p→4s for 2~5 kV and 8 kV and the 5p

→4s Ar-spectra only for 8 kV. As it has been mentioned in

section-2, Ar-spectra intensity data are applied to the

Boltzmann plots and the line-pair method.

We observe only the red-line transition of 4p→4s for the

Ar spectra with the operation voltages of 2 kV to 5 kV,

whereby the blue-lines of the 5p→4s transitions are not

observed; therefore, we do not have a wide range of

excitation-energy levels, making it difficult to obtain the

exact value of the electron-excitation temperature Tex by

fitting in the Boltzmann plot. In Fig. 6(a), the data points

Figure 4. Optical-emission spectrum measured along the

effluent plasma at the positions of ① to ⑤ noted in Fig. 1 with
the applied voltage of 3 kV.

Figure 5. The variation of the optical-emission intensity
according to the detection position is presented for the spectra
of Ar. The log value of intensity I that is normalized by the
intensity Io of 1 mm is negatively proportional to the position x
so that the intensity varies as I = Ioexp(-0.25x), as noted by the
fitting line.
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of the Boltzmann plots are depicted for the operation

voltage of 5 kV and the measuring position of 5 mm for

the Ar spectra in Fig. 2. Notably, the attainment of a slope

by fitting the data point in a narrow energy range like that

of Fig. 6(a) is impossible.

For the purpose of obtaining the Ar spectra of a high-

energy-level transition from the 5p level, an additional

experiment with a high operation voltage needs to be

conducted. In the Ar-spectra for the voltage of 8 kV and

the position of 5 mm, the new Ar spectra of 5p→4s are

observed even if the corresponding optical intensity is low.

The other spectra are the same kind as those that appeared

in the operation of the low voltages from 2 kV to 5 kV. 

Figure 6(b) presents the Boltzmann plot with the data of

the 4p-transition spectra and the 5p-transition spectra for

the operation voltage of 8 kV. The slope of 1.27 is obtained

by fitting the data points, and the electron-excitation

temperature is Tex = 0.79 eV from the inverse value of the

slope.

By using Eq. (2) with the reference values of the

excitation temperature To = 0.79 eV and the optical

intensity Io for 8 kV, the temperature T for 2 kV to 5 kV is

interpolated by comparing the Ar intensity I; the results are

presented in Fig. 7(a). For the operation voltage of V = (2,

3, 4, 5) kV, the average temperature value regarding all of

the Ar spectra is evaluated as Tex ± ΔT = (0.61, 0.63, 0.66,

0.68) ± 0.003 eV. The deviation value of ΔT is not high

since, remarkably, the intensity variation of all of the Ar

spectra is proportional to the voltage variation, as shown in

Fig. 3. The increasing rate of the excitation temperature

according to the voltage is 0.03 eV/kV, which is the slope

in Fig. 7(a).

From the use of Eq. (1) with Z~1 and No ≈

2.7 × 1019 cm−3 (Loschmidt’s number), the density of an

excited Ar state is obtained. For the voltage variation V =

(2, 3, 4, 5, 8) kV, the density of the excited-Ar state of the

4p level (~13 eV) is n*(Ar-4p) = (1.5, 3.0, 7.6, 13.5,

191.0) × 1010 cm−3. In the voltage range of 2 kV to 5 kV,

the density of the excited-Ar radial varies in the order from

1010 cm−3 to 1011 cm−3; if the voltage increases to 8 kV, the

density increases to 1012 cm−3. These orders of the Ar-

radical density are in sound agreement with the results

reported in Ref. [10]. Figure 7(b) presents the electron-

excitation temperature and the excited-Ar-radical density

that are estimated with the variation of the optical intensity

Figure 6. Boltzmann plot with Ar spectra measured at 5 mm
with 5 kV in (a) where the line fitting is not available.
Boltzmann plot with the data listed in Table 3 with 8 kV in (b)
where the excitation temperature of Tex = 0.79 eV is estimated
from the inverse value of the slope of 1.27 with the fitting line.

Figure 7. (a) For the operation voltage of V = (2-5) kV and
0.79 eV for 8 kV, the electron-excitation temperature (left axis)
is plotted as Tex = (0.61-0.68) eV. The increasing rate of Tex over
the voltage is 0.03 eV/kV approximately. The corresponding
radical densities (right axis) of the Ar-4p are N4p = (1.5-
13.5) × 1010 cm−3 for V = (2-5) kV. (b) For the detection
position of (1-9) mm, the excitation temperature is drawn as
Tex = (0.67-0.61) eV. The variation rate of the temperature is
0.075 eV/cm. The corresponding radical density of the Ar-4p
state is N4p = (10.2-1.5) × 1010 cm−3 with the operation voltage
of 3 kV.
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for the Ar spectra, which are measured along the position

of the effluent plasma. Using Eq. (2) with the reference

temperature To = 0.63 eV and the intensity Io for 3 kV and

5 mm obtained in Fig. 7(a), the average temperature for all

of the Ar spectra is calculated as Tex ± ΔT = (0.67, 0.65,

0.63, 0.62, 0.61) ± 0.003 eV and corresponds to the

positions of (1, 3, 5, 7, 9) mm. The variation rate of the

temperature per cm is 0.075 eV/cm.

The Ar-radical density is also evaluated in Eq. (1). For

the state of the 4p level (~13 eV), the excited-Ar density is

n*(Ar-4p) = (10.2, 5.6, 3.0, 2.1, 1.5) × 1010 cm−3 and

corresponds to the positions of (1, 3, 5, 7, 9) mm. The

density of the excited-Ar-4p level decreases from 1011 cm−3

inside the glass tube to 1010 cm−3 outside the nozzle.

The electron-excitation temperature has been reported

for an Ar-plasma jet with the same kind of syringe

electrode, but with the different operation scheme of a

double electrode [29]; here, the authors measured the Ar

spectra at a distance of approximately 5 cm from the tip of

the syringe electrode, and the excitation temperature from

the Boltzmann plot is reported as approximately Tex~0.25 eV.

If the temperature reduction rate of 0.075 eV/cm that was

obtained in our experiment is considered along the position

of the plasma, the temperature is Tex~0.625 eV, with a

temperature reduction of 0.375 eV for a distance of 5 cm

from the position of the plasma generation; in this case, the

magnitude of the excitation-temperature result [29] is the

same as that of this paper. A paper also reported an

excitation temperature of Tex~0.45 eV for the Ar jet in a

pulsed DC of 2.4 kV, with 20 kHz and duty cycles of 10%;

here, the excitation temperature depends on the average

power [29].

IV. Conclusions

The optical-emission spectra are analyzed in a pencil-

type Ar jet comprising a syringe needle inserted into a

glass tube. For biomedical applications where the plasma is

generated by a sinusoidal voltage of a 20 kHz frequency, it

is necessary to maintain a low-voltage operation (a few

kV) to ensure safety regarding electricity.

The same types of spectra are observed independently on

the operation voltages and the measuring positions, while

only the optical intensity varies accordingly. Ar spectra of

4p→4s transition are observed as the red line of 696 nm to

965 nm, while the Ar spectra of 5p→4s will not appear at

a low voltage. A wide range of transition energy is

necessary in a Boltzmann plot for the determination of the

electron-excitation temperature by the fitting of the spectral

data; in the Ar spectra, a red line of the 4p level (12.9 eV

to 13.5 eV) and a blue line of the 5p level (14.4 eV to

14.8 eV) are both required. Since the intensity of the 5p-

transition spectra is always low, the blue line will not be

measured for a low-voltage operation; therefore, the

spectral data of the 5p transition for a high-voltage

operation is needed to determine the excitation temperature

from the Boltzmann plot. By using the reference

temperature and the intensity obtained from a high-voltage

operation, an excitation temperature of a low voltage is

interpolated with the relative optical intensity.

For the 8 mm measuring distance of the plasma-jet

plume, the electron-excitation temperature has been

estimated as Tex = (0.67-0.61) eV, while the corresponding

excited-Ar density of the 4p state is in a low-voltage range

of (1.021011 -1.5 × 1010) cm−3. The temperature is high at

the side of the plasma generation, and it reduces as the

position moves further from the active region of the cavity.

For the variation of the voltage in the range of 2 kV to

8 kV, the Tex is (0.61-0.79) eV and the Ar-radical density

varies from 1010 cm−3 to 1012 cm−3. The variation rates of

the electron-excitation temperature and the plasma plume

of the Ar jet are 0.075 eV/cm and 0.03 eV/kV,

respectively. 

Similar to the variations of the voltage and the position,

the variation of the optical intensities of the Ar spectra is

exponential. Since the rate of the intensity variation is

exactly the same for all of the Ar spectra, it is possible to

estimate the approximate data of the electron-excitation

temperature and the Ar-excitation density in this study.
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