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1. Introduction 

Hollow cathode discharges represent a distinct form of 

plasma generation in which a plasma jet is produced within a 

hollow tube and propagates from the cathode toward the 

anode. This type of discharge has found widespread 

application in numerous plasma-based devices, including 

electron sources, ion thrusters, and materials processing 

systems [1–3]. One notable application of the hollow cathode 

effect lies in its utility for thin film deposition, where it offers 

enhanced ionization efficiency and localized plasma 

generation [4]. In particular, the nozzle-based hollow cathode 

plasma jet system serves as a highly effective source of 

directed plasma streams, which, under certain operating 

conditions, can reach supersonic velocities [5, 6]. 

The underlying mechanism of the hollow cathode effect 

involves two interrelated physical processes. Initially, 

electrons accelerated by the applied discharge voltage undergo 

multiple oscillations between the opposing inner surfaces of 

the hollow cathode [7]. These "pendulum electrons" acquire 

significant energy and contribute to the excitation and 

ionization of the working gas through inelastic collisions [8]. 

Concurrently, relaxation processes within the cathode 
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geometry give rise to photon emission, while energetic ions 

and metastable species bombard the cathode walls, enhancing 

secondary electron emission and sustaining the discharge. 

Moreover, the interaction of energetic gas ions, such as those 

of oxygen or nitrogen, with the inner surfaces of the nozzle 

leads to the formation of compound films (e.g., oxides and 

nitrides) through surface reactions [9]. These films, along with 

material sputtered from the cathode or nozzle walls, become 

entrained in the plasma jet and subsequently transported 

toward the substrate, facilitating the formation of thin films. 

Importantly, both elemental materials and chemically complex 

cathodes, including ceramics and compounds, can be utilized 

depending on the desired film composition [10]. 

For diagnostic and analytical purposes, optical emission 

spectroscopy (OES) has emerged as a powerful and non-

invasive technique to characterize the properties of plasma 

systems [11]. OES enables the identification of atomic and 

molecular species, as well as the evaluation of energetic 

parameters such as electron temperature [Texc and Tvib] and 

excitation states [12]. One commonly employed method to 

determine these parameters is the Boltzmann plot technique, 

which relies on the analysis of emission intensities from 

excited states [13]. Electrons within the plasma, energized by 

the applied electromagnetic field, undergo collisions with gas 

particles. Inelastic collisions promote atoms or molecules to 

excited states, from which they decay and emit characteristic 

photons [14]. The emitted light intensity is directly related to 

the population of the upper energy levels and, by extension, 

reflects the energy distribution of electrons in the plasma [15]. 

In this work, an Ar-N2 gas mixture plasma is characterized 

using optical emission spectroscopy to analyze its excitation 

and vibrational properties. Special attention is given to the 

effect of argon admixture on the vibrational temperature of the 

nitrogen second positive system, providing insight into energy 

transfer mechanisms and population dynamics in mixed-gas 

discharges. 

2. Theoretical background 

2.1. Emission intensity and population density 

The relationship between the intensity of emitted 

radiation at a specific wavelength and the population density 

of particles in the excited state is given by the following 

expression as in equation (1)  [16, 17]: 

( )I C h A n                 =                  (1) 

Where C(λυ'υ'') is a proportionality constant that includes the 

spectral sensitivity of the detection system and the geometrical 

factors of the optical setup, h is the Planck's constant, υυ'υ'' is 

the frequency corresponding to the transition, Aυ'υ'' is the 

Einstein coefficient for spontaneous emission and nυ' is the 

population density of the upper energy level (e.g., the C3Пu(υ') 

vibrational state in N2). where, C3 indicates the molecular 

symmetry classification, part of the C3v point group, Π 

represents the orbital angular momentum of the electrons, 

indicating the orientation of the electron cloud, u denotes that 

the state is ungraded, meaning it is not symmetric with respect 

to inversion through the center of the molecule, and (υ') 

indicates the vibrational level associated with this electronic 

state, where υ' can take various integer values representing 

different vibrational energy levels.   

2.2. The excitation temperature of the Ar plasma  

The electron excitation temperature (Texc) is a key 

parameter that reflects the energy distribution of electrons 

populating excited atomic or molecular states [18, 19]. It is 

important to note that 𝑇exc is not necessarily equivalent to the 

electron temperature (𝑇e), particularly in non-equilibrium 

plasmas. The excitation temperature can be estimated using 

the Boltzmann plot method, according to the following 

relation, as in equation (2)  [19]:  

C  )ln( +−=
exc

k

kik

kiki

KT

E

Ag

I 
                 (2) 

Where  Iki, λki, gk, Aki, Ek ,and K are the measured line intensity, 

the emission wavelength, the statistical weight of the upper 

energy level, the transition probability (Einstein coefficient), 

the energy of the upper level, and Boltzmann’s constant, 

respectively [20]. 

2.3. Spectrum of the N2 second positive system 

(SPS) 

The SPS of molecular nitrogen corresponds to the 

electronic transition from the excited state C3Пu to B3Пg. The 

ground-state N₂ molecule, N2 (X1∑+
g) can be excited to the 

C3Пu state via various mechanisms [21], including: 

1- Electron impact excitation is illustrated in equation (3): 

1 3

2 2( ) ( )
g u

N e N C
+ − + →                       (3) 
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2- Recombination of a nitrogen ion and an electron is 

illustrated in equation (4): 

3

2 2 ( )
u

N e N C+ −+ →                     (4) 

The population of the vibrational levels in the C3Пu state can 

be determined from the measured intensities of the vibrational 

bands in the SPS. Several assumptions are typically made in 

determining the vibrational temperature (Tvib) [22]:  

• The C3Пu(υ') → B3Пg (υ'') transition is predominantly 

excited via electron impact, Penning ionization, and pooling 

reactions. 

• The vibrational level populations in the C state follow the 

Franck-Condon principle. 

• For small changes in vibrational quantum numbers, the 

populations approximately follow the Boltzmann 

distribution.  

Additional pathways that contribute to the excitation of the 

C3Пu state include equations (5) and (6) [23, 24]: 

1 3

2 2( ) ( )
g u

N e N A
+ +− + →                      (5) 

3 3

2 2( ) ( )
u u

N A e N C
+ −+ →                     (6) 

The SPS band dominates the 300-490 nm spectral range and is 

commonly observed in nitrogen-containing discharges [25]. 

The emission intensity of these bands generally increases with 

the population density of the excited state, especially when 

driven by electron impact or two-step excitation mechanisms 

[26].  

2.4. Vibrational temperature determination 

The vibrational temperature (Tvib) of molecular nitrogen 

in the C3Πu state can be evaluated using the Boltzmann plot 

method based on the measured intensities of individual 

vibrational bands. The relationship is expressed as in equation 

(7) [27]: 

4
ln

vib

I E
C

q kT

  


   

= − 
 

                 (7) 

Where 𝐼υ'υ'' is the emission intensity of the band corresponding 

to the υ' → υ′′ vibrational transition, q is the Franck-Condon 

factor, υ is the frequency of the band head, Eυ' is the vibrational 

energy of the upper state, k is Boltzmann’s constant, and C is 

a constant. 

3. Experimental setup 

A schematic diagram of the DC hollow cathode discharge 

system is shown in Figure 1. The system comprises a DC 

power supply (0-2 kV), a discharge cell, and an optical 

diagnostic setup. The plasma is generated inside a cylindrical 

hollow cathode with an inner radius of 0.3 cm, and the 

discharge extends toward a circular anode with a diameter of 

1.25 cm. The discharge chamber itself is a stainless-steel 

cylinder, 20 cm in length and 2 cm in inner radius. The 

electrode separation, i.e., the gap between the hollow cathode 

and the anode plate, is fixed at 2 cm. Vacuum is achieved using 

an Edwards rotary pump coupled with a silicone oil diffusion 

pump, allowing a base pressure down to 5 × 10-6 Torr. The 

working gas mixture, consisting of a mixture of argon and 

nitrogen (Ar/N₂ = 50: 50%), is introduced into the chamber 

through independently regulated mass flow controllers (Tylan 

General), allowing precise adjustment of the mixing ratios. 

The gas pressures were varied to 25, 50, 75, and 100 mTorr, 

monitored and regulated using a Pirani Penning gauge (model 

1005). 

Optical emission spectroscopy (OES) was employed to 

diagnose the discharge. Spectral emissions from Ar and N2 

species were recorded using a monochromator (model 77200) 

operating over the 300-900 nm wavelength range. The 

monochromator has a focal length of 35 cm, equipped with a 

diffraction grating of 1200 grooves/mm, offering a spectral 

resolution better than 0.2 Å. The output signal was detected 

using a photomultiplier tube (PMT, model 9558QB) for 

enhanced sensitivity. 

4. Results and discussion 

4.1. Ar excitation temperature  

Figure 2 shows the identification of Ar emission lines 

recorded in the wavelength range of 400-445 nm from a 

mixture of Ar/N2 plasma generated via DC hollow cathode 

discharge operated at a gas pressure of 100 mTorr and an 

applied voltage of 1.5 kV (as an example). The excitation 

temperature (Texc) was determined from these spectral lines 

using the Boltzmann plot method (Equation 2).  

Figures 3a and 3b display the Boltzmann plots of ln(Iλ/gA) 

versus the upper energy level E for Ar lines at applied voltage 

1.5 kV and gas pressures of 100 mTorr and at applied voltage  
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0.5 kV and 25 mTorr, respectively. 

Figures 4a and 4b illustrate the determination of excitation 

temperatures from the inverse slopes of the fitted lines. As 

shown in Figure 4a, Texc decreases from 0.381 eV to 0.226 eV 

as the gas pressure increases from 25 mTorr to 100 mTorr. 

This decrease is attributed to an increase in ground-state 

neutral atom density (n0) and electron density (ne), both of 

which contribute to higher collisional de-excitation rates, 

thereby reducing the effective excitation temperature [28]. 

On the other hand, Figure 4b demonstrates the influence of 

applied voltage on Texc. As the applied voltage increases from 

0.5 kV to 1.5 kV, the excitation temperature increases from 

0.226 eV to 0.381 eV, due to the higher energy gain by 

electrons from the electric field, leading to more effective 

excitation processes [29].  

4.2. Intensity of the SPS and FNS of N2 spectra 

Figures 5a and 5b show the optical emission spectra 

identifying the Second Positive System (SPS) and First 

Negative System (FNS) of nitrogen gas. Figure 5a presents the 

spectrum obtained at 25 mTorr and 1.0 kV (as an example). 
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Figure 2. A scan of the optical emission spectrum of a DC hollow cathode discharge of Ar/N2 gas mixture, recorded in the 

wavelength range of 400 nm to 445 nm, was obtained at a gas pressure of 100 mTorr and an applied voltage of 1.5kV.

Figure 1. Schematic diagram of the DC hollow cathode system and optical emission spectroscopy (OES) system. 
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Figure 3. A Boltzmann plot for Ar/N2 gas mixture DC hollow cathode discharge at (a) 1.5 kV applied voltage, and gas 

pressure 100 mTorr, and (b) 0.5 kV applied voltage, and gas pressure 25 mTorr.  
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Figure 4. Excitation temperature Texc of Ar/N2 gas mixture plasma (a) as a function of gas pressures at different discharge 

voltages 0.5, 1, and 1.5 kV, and (b) as a function of applied discharge voltage at different gas pressures 25, 50, 75, and 100 

mTorr.

Notable emission lines appear at 353.6 nm, 357.7 nm, 371.1 

nm, 375.5 nm, 380.5 nm, 391.4 nm, 394.4 nm, 396.2 nm, and 

399.8 nm. Among these, the 380.5 nm line corresponds to the 

SPS, while the 391.4 nm line is characteristic of the FNS. The 

FNS band at 391.4 nm is particularly intense and shows sharp 

band heads [30]. 

Figure 5b shows the spectrum for Ar/N₂ gas mixture at 1.5 kV 

and 100 mTorr, where the intensities of both SPS and FNS 

bands are enhanced. This increase is attributed to a higher 

population density of excited species, particularly those 

requiring two-step or two-electron excitation processes [31].  

 

4.3. Effect of gas pressure on SPS and FNS 

Intensities  

Figure 6 shows the variation of SPS and FNS intensities 

as a function of gas pressure at 1.5 kV (as an example). 

Contrary to expectations based on collisional excitation 

theory, which predicts reduced intensities due to energy loss 

from increased collisions, the observed intensities increase 

with pressure, where the SPS (380.5 nm) increased from 6.8 

to 18, while the FNS (391.4 nm) increased from 58 to 82 as 

pressure increases from 25 mTorr to 100 mTorr. 
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Figure 5. A scan of the optical emission spectrum of a DC hollow cathode discharge of an Ar/N2 gas mixture was obtained at 

(a) applied voltage of 1 kV and pressure of 25 mTorr and (b) applied voltage of 1.5 kV and 75 mTorr. 
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Figure 6. Boltzmann plot (𝑙𝑛 (𝐼υ'υ''/𝑞𝜐4)) vs vibrational energy for determining Tvib of Ar/ N2 gas mixture at (a) 0.5 kV and 25 

mTorr and (b) at 1.5 kV and 100 mTorr. 
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Figure 7. The plot of Tvib of N2 as a function of (a) gas pressure at various applied voltages, 0.5, 1, and 1.5 kV, and (b) at 

various gas pressures, 25, 50, 75, and 100 mTorr. 
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This apparent contradiction is resolved by considering that 

two-step collisional processes and recombination mechanisms 

may become more significant at higher pressures, enhancing 

the population of excited states despite the increased 

collisional quenching [32].  

4.4. Determination of vibrational temperature 

(Tvib) of N₂   

The vibrational temperature of nitrogen was determined 

from SPS band intensities using the Boltzmann plot method 

(Equation 6), which involves plotting ln(Iυ'υ''/qυ4) versus the 

vibrational energy of the upper level. Figures 6a and 6b show 

representative Boltzmann plots under two conditions, 0.5 kV, 

25 mTorr, and 1.5 kV, 100 mTorr (as an example). Four 

emission bands from the Δυ = −2 sequence of the SPS 

(C3Πu(υ′) → B3Πg(υ′′)) were selected (0,2) at 380.5 nm, (1,3) 

at 375.5 nm, (2,4) at 371.04 nm, and (3,5) at 367.08 nm. 

This Δυ = −2 sequence was chosen due to its long lifetime (~36 

ns) [33], which minimizes radiative transfer effects and 

ensures more accurate temperature determination.  

4.5. Dependence of vibrational temperature on 

gas pressure and voltage 

Figure 7a presents the variation of Tvib as a function of gas 

pressure for various applied voltages. A decrease in Tvib  from 

0.416 eV to 0.35 eV is observed as the pressure increases from 

25 mTorr to 100 mTorr. This trend is attributed to the 

increased frequency of collisions at higher pressure, which 

leads to energy loss and reduced vibrational excitation [34]. 

The dependence can also be interpreted through the 

relationship Ek=eEλe , where λe (the electron mean free path) 

is inversely proportional to pressure (P). Thus, increasing 

pressure shortens λe, resulting in lower energy transfer per 

collision and a corresponding drop in Tvib . 

Figure 7b shows that increasing the applied voltage from 0.5 

kV to 1.5 kV causes an increase in Tvib  from 0.35 eV to 0.416 

eV, due to enhanced electron energy and increased vibrational 

excitation efficiency [35]. 

4.6. Effect of argon addition on SPS and FNS 

intensities 

Figure 8 illustrates the effect of argon concentration on 

the emission intensities of the SPS (380.5 nm) and FNS (391.4 

nm) bands at 1.5 kV and 100 mTorr. As the Ar percentage 

increases from 10% to 50%, the intensity of the SPS increases 

(from 22 to 30), while that of the FNS decreases (from 137 to 

75). 

This behavior is explained by the increasing population of 

argon metastable states (Ar∗). The SPS radiative upper state 

(~11.1 eV) lies slightly below the energy levels of the 

metastable Ar states 3P2 (11.55 eV) and 3P0 (11.72 eV), 

facilitating Penning ionization and efficient population of the 

SPS levels [6]. 

In contrast, the FNS upper state (~18.7 eV) is energetically 

inaccessible for Penning ionization from Ar metastable, 

resulting in reduced population and emission. 

4.7. Comparison of excitation and vibrational 

temperatures 

A comparison between the Texc and the Tvib reveals an 

interesting trend: under certain discharge conditions, Tvib 

values (ranging from 0.35 eV to 0.416 eV) appear to exceed 

Texc values (ranging from 0.226 eV to 0.381 eV). This 

observation is counterintuitive, as excitation temperature, 

which characterizes electron impact excitation of atomic 

energy levels, is generally expected to be higher than 

molecular vibrational temperature due to the larger energy 

spacing of electronic transitions compared to vibrational ones. 

This discrepancy may stem from several factors: (i) potential 

overestimation of Tvib due to limited vibrational bands or 

deviations from the Boltzmann distribution under non-

equilibrium conditions, (ii) underestimation of Texc caused by 

line selection or uncertainties in spectroscopic constants, or 

(iii) inherent non-equilibrium characteristics of low-pressure 

plasmas, where high-energy electrons selectively excite 

vibrational levels while the overall average electron energy 

remains low [36]. 

5. Future work 

Further investigation involving electron energy 

distribution function (EEDF) analysis, time-resolved 

spectroscopy, and expanded spectral diagnostics is 

recommended to clarify this behavior and ensure accurate 

thermodynamic interpretation. 
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Figure 8. Spectral intensities of SPS and FNS of DC hollow cathode discharge for Ar/N2 gas mixture as a function of Ar 

percentage at 1.5 kV and 100 mTorr.

6. Conclusion  

This work presents a detailed spectroscopic 

characterization of Ar/N2 plasmas in a DC hollow cathode 

discharge, focusing on the excitation and vibrational dynamics 

of argon and nitrogen species. The excitation temperature of 

Ar, derived via Boltzmann analysis, exhibited a strong 

dependence on both gas pressure and applied voltage, 

decreasing from 0.381 eV to 0.226 eV with rising pressure 

from 25 to 100 mTorr, and increasing from 0.226 eV to 0.381 

eV as voltage rose from 0.5 kV to 1.5 kV. Optical emission 

features of the N2 second positive system (SPS) and first 

negative system (FNS) were observed at 380.5 nm and 391.4 

nm, respectively. The vibrational temperature (Tvib) of N2, 

calculated from four Δυ = −2 SPS bands, decreased from 0.416 

eV to 0.35 eV with pressure increase and increased from 0.35 

eV to 0.416 eV with higher voltage, aligning with theoretical 

predictions on electron energy and mean free path. The 

addition of argon to N2 plasma enhanced SPS emission (from 

22 to 30 intensity units) but suppressed FNS emission (from 

137 to 75), attributable to selective Penning excitation due to 

Ar metastable (~11.55 eV). These results confirm the critical 

role of discharge parameters in modulating plasma properties 

for potential applications in thin film deposition and gas 

sensing.  
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