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Vacuum ultraviolet radiation of atomic nitrogen in pulsed self-sustained

discharges of atmospheric pressure
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Parameters of vacuum ultraviolet (VUV) radiation of plasma jets and nanosecond diffuse discharges formed in

gaps with a non-uniform electric field by high-voltage nanosecond pulses due to runaway electrons were studied. In

nitrogen mixtures with helium or argon with a nitrogen content less than 10%, intense VUV radiation was detected

on the atomic nitrogen lines at 149.3 and 174.3 nm. The compositions of gas mixtures for obtaining the maximum

radiation power on these lines were determined. The average radiation power obtained was up to 6.8mW/cm2 . The

volt-ampere and radiative characteristics of diffuse discharges in He(Ar)-N2 mixtures were measured. An increase

in the radiation intensity on the 149.3 and 174.3 nm lines after the cessation of the diffuse discharge current was

detected.
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Introduction

Currently, research on plasma jets that form cold

nonequilibrium plasma in mixtures of various atmospheric-

pressure gases attracts great attention due to the wide

application of such jets in different fields of science and

technology [1,2]. This method of creating nonequilibrium

plasma is distinguished by its simplicity and low cost of

design. Most commonly, plasma jets based on various

mixtures of atomic and molecular gases are used. For

example, plasma jets formed in argon-nitrogen mixtures

are effective sources of reactive species such as nitrogen

atoms and metastable nitrogen molecules [3] and are widely

used in medical applications for accelerating wound healing,

sterilization of medical instruments, deactivation of viruses

and bacteria, etc. [4–6]. Modeling of cold plasma impact

parameters is also being conducted [7,8]. However, studies
of the spectral composition of radiation from such plasma

jets have often been limited to the visible and ultraviolet

(UV) spectral ranges [1,9]. Several works have shown that

the spectra of plasmas of various discharges in argon and

helium mixtures with nitrogen or air include VUV lines of

atomic nitrogen [10–12]. Detailed studies of the parameters

of this emission were not performed.

The aim of this work is to investigate VUV radiation of

atomic nitrogen in plasma jets and diffuse discharges formed

in mixtures of nitrogen and air with helium and argon.

Experimental Setup and Measurement
Techniques

The experiments investigated the spectral characteristics

of several types of self-sustaining discharges. To generate

plasma jets, a barrier discharge or a discharge between

two thin metal electrodes with gas flow of nitrogen or air

mixtures with inert gases through the discharge area was

used. The designs of these devices are shown in Fig. 1.

The barrier discharge was formed inside a quartz cavity, on

the outer surface of which flat foil electrodes were placed

(tube 1). The internal diameter of the tube at the plasma

jet outlet was 4mm. In another configuration, the discharge

ignited inside a quartz tube with an internal diameter of

9mm between two tungsten wires 0.3mm in diameter,

spaced 5mm apart (tube 2). A high-voltage pulse generator

with amplitudes up to 15 kV, pulse half-width of 100 ns,

operating at frequencies up to 50 kHz was used to ignite

the discharges.

In addition, emission spectra of a diffuse discharge

between two needles with a gap of 4mm between them

were studied. Various generators of high-voltage nanosec-

ond pulses were used to form the discharge [13]. The

experimental setup for studying the parameters of diffuse

discharge plasma is described in detail in [14]. The gap

between the two needles was placed in a gas chamber

and connected to a nanosecond high-voltage pulse generator

with adjustable amplitude via a 3m cable with impedance

of 75�. A series of direct and reflected pulses from the

gap and generator with 30 ns intervals was applied to the

gap. In some experiments, one of the needles was grounded

through a 75� load. In this case, only one or two voltage

pulses were applied to the gap.

The chamber was attached to the input window made

of LiF of a vacuum monochromator VM-502 (Acton
Research Corp.) equipped with an EMI9781B photomul-

tiplier (PMT), which recorded both the spectral distribution

of the plasma discharge radiation energy in the range
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Figure 1. Schemes of plasma jet generation based on (a) barrier discharge, tube 1, and (b) spark discharge, tube 2.

100−545 nm, and the time evolution of radiation intensity

at various wavelengths. The minimum rise time of the ra-

diation pulse reliably recorded by the PMT is about ∼ 3 ns,

the decay time about ∼ 30 ns. The monochromator was

evacuated by an oil-free NORD-100 pump to a residual

pressure of about 10−6 Torr. A pulse generator BNC565

was used to trigger the high-voltage generator. The

high-voltage generators used in the experiments had the

following parameters: GIN 50-1 with an amplitude in the

incident wave of up to +25 kV, duration at half-maximum

t1/2 = 13 ns, front tf = 2 ns; GIN 55-01 with an amplitude

of up to −37 kV, t1/2 = 0.7 ns, tf = 0.7 ns; GIN 100-1 with

an amplitude of up to −25 kV, t1/2 = 4 ns, tf = 1 ns; FPG

with an amplitude of up to +13 kV, t1/2 = 1 ns, tf = 0.1 ns.

For the registration of spectra, the plasma jets were

directed at the entrance window of the gas chamber,

made of CaF2 or MgF2during this, the chamber was

either evacuated to a residual pressure of 10−3 Torr or

filled with an inert gas. The power of VUV radiation

was measured using a Hamamatsu C8026 Series meter

with an H8025-126/146 sensor (sensitivity range at the

0.1 level from 140−185 nm, with maximum sensitivity at

approximately 175 nm).

Additionally, the spectra and emission pulse shapes in the

visible and UV ranges were recorded using an EPP2000C-

25 spectrometer (StellarNet Inc.) with known spectral

sensitivity and a vacuum coaxial photodiode FEC-22 with

a time resolution of < 1 ns�. Voltage pulses at the input of

the discharge chamber were recorded by a capacitive voltage

divider. The waveforms of electrical signals were captured

by Tektronix TDS-3054B digital oscilloscopes (500MHz,

5Gs s−1).

Results of Experiments and Discussion

Figure 2 shows characteristic oscillograms of voltage on

barrier discharge electrodes, generator circuit current, and

a photo of the plasma jet. The electrode voltage rose

over about 100 ns; after breakdown of the gap, oscillations

of current and voltage in the pump circuit continued for

5−6µs. The discharge had an ellipsoidal shape, stretched

along the gas flow.

In the initial experiments, a significant change in the

plasma jet spectrum was observed depending on the

distance from the quartz tube cut to the chamber entrance

window (Fig. 3). At a distance of no more than 1−2mm

from the window, the emission spectrum showed a VUV

continuum consisting of many lines attributed to transitions

of the Lyman-Birge-Hopfield band (a15g−X16+
g ) of molec-

ular nitrogen [15]. This band usually appears in discharge or

beam plasma radiation in nitrogen and air at gas pressures

below 10−4 Torr [16,17]. In the UV and visible regions,

the most intense transitions were those of NO molecules,

second positive and first negative systems N2, with intensity

maxima at 314, 337, 357, and 392 nm, as well as argon

atomic transitions in the 410−550 nm range [9,18]. No

argon second continuum emission with intensity maximum

around 126 nm was observed.

Using a window made of CaF2 a calcium fluoride

luminescence band in the 205−250 nm region was observed

in the spectrum, apparently caused by VUV radiation from

the plasma jet. The blue edge of this emission was

shifted by about 20 nm, and the luminescence band was

significantly narrower compared to the luminescence band

of this material excited by a subnanosecond electron beam

with electron energy > 50 keV and current density up to

jb ≈ 75A/cm2 [19]. The luminescence band of CaF2itself

should also be distinguished in the obtained spectrum. In

subsequent experiments, a window made of MgF2was used,

which did not alter the discharge plasma emission spectrum.

When the tube cut was moved away from the MgF2 win-

dow, two VUV lines appeared in the discharge spectrum,

whose intensity depending on the distance to the window

could exceed the intensity of the second positive system

nitrogen bands by 5−10 times! These lines corresponded

to transitions 3s2P−2p2P◦ and 3s2P−2p2D◦ of atomic

nitrogen at 174.3 and 149.3 nm respectively [20]. Obviously,
the appearance of these lines is related to interactions

of plasma components with nitrogen molecules as the jet

passes through air.
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Figure 2. (a) Oscillograms of voltage pulses on the electrodes and current in the pump circuit, generator pulse amplitude 6 kV, argon

flow 20 l/min, tube 1. (b) Appearance of the discharge in tube 2: 1 — tungsten electrodes, 2 — inner tube, 3 — outer tube MgF2

window, 5 — plasma jet.
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Figure 3. Radiation spectra of an argon plasma jet with the exit section of the tube positioned at 1 (a) and 7mm (b) from the entrance

window of the chamber. Tube 1, argon flow 20 l/min. Entrance window in the chamber from CaF2 (a) and MgF2 (b).
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Figure 4. Intensities of atomic nitrogen lines from the argon jet

discharge at various distances of tube cut from the MgF2 window.

Tube 2, argon flow 10 l/min.

Figure 4 shows the intensity dependencies of atomic

nitrogen lines from the discharge in a pure argon jet on

the distance from the cut of tube 2 to the chamber window.

The maximum radiation power was obtained when the tube

end was 1−2 cm away; then the VUV intensity began to

decrease due to absorption by oxygen contained in the

air. VUV emission at the lines of 149 and 174 nm was

observed even at the minimum distance of the tube cut

from the chamber window, caused by air inflow into the

discharge region through the gap between quartz tubes.

A similar result was obtained in [10] when 0.1% air was

added to an argon plasma jet. Increasing air inflow led

to discharge instability; the gap might fail to break down

for several generator pulses, reducing VUV line intensities.

When the gap between tubes was sealed, VUV emission

of atomic nitrogen at small tube-window distances was not

detected. Therefore, subsequent studies focused on spectra

of discharges ignited in flows of various inert gas-nitrogen

44 Optics and Spectroscopy, 2025, Vol. 133, No. 7



690 A.N. Panchenko, D.V. Beloplotov, V.A. Panarin, V.S. Skakun , D.A. Sorokin

0 0

100
100

500

500

W
, 
a
rb

. 
u
n
it

s

W
, 
a
rb

. 
u
n
it

s

300

300200

200

400

400

0 100 100200 20300 60400 40500 80

N , ml/min2 N , ml/min2

174 nm

174 nm

149 nm

149 nm

a b800

600

700

Figure 5. Dependencies of nitrogen VUV line emission intensities on nitrogen flow in the gas stream. Argon flow (a) and helium (b) 5
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Figure 6. Dependences of the nitrogen VUV line emission intensity on argon (a) and helium (b) flow rates in the gas stream. Nitrogen

flow 0.1 l/min. Tube 2. Nitrogen content in the mixture: 2−0.5% (a) and 2−0.43% (b).

mixtures with controlled component flow ratios. Results are

shown in Figs. 5 and 6.

Gas mixture compositions with argon and helium for

maximum VUV emission power differed significantly. The

intensity maximum for argon was reached at nitrogen flows

of 0.1−0.15 l/min, while for helium the optimal nitrogen

flow did not exceed 10- 20ml/min. Optimal argon and

helium flows were 12 and 20 l/min, respectively. Adding

air to argon or helium flows reduced nitrogen line intensity

by 3−4 times already at 0.05 l/min air flow, and at 0.2 l/min

air flow, VUV lines in the plasma jet spectrum were not

detected.

Maximum VUV power on nitrogen lines in optimal

gas mixtures increased with voltage pulse amplitude. For

tube 1, it reached 2.8mW/cm2; for tube 2, the emitted

power increased approximately 2.5 times to 6.8mW/cm2,

comparable to xenon dimer barrier excilamp radiation

power at 172 nm [21]. This VUV power in the plasma jet

remained almost unchanged when high-purity gases were

replaced by technical grade gases with 99.99% purity, not

requiring expensive inert gases or quartz tubes with high

VUV transmission. Nitrogen line emission power could

further increase with higher pulse voltage amplitude and

repetition frequency, whereas xenon dimer lamp emission

parameters in [21] are near their limits.

The relatively low pump pulse power in these discharge

configurations did not allow temporal dependence mea-

surements of emission power on atomic nitrogen lines.

Therefore, diffuse discharge formed by powerful ns-pulse

generators was used to measure emission pulses at 149

and 174 nm. Figure 7 shows volt-ampere and emission

parameters of diffuse discharges in nitrogen-argon and

nitrogen-helium mixtures.

From Fig. 7, the diffuse discharge forms upon the first

generator pulse across the gap for both positive and negative

polarities. Then energy is deposited into the discharge

Optics and Spectroscopy, 2025, Vol. 133, No. 7
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Figure 7. Oscillograms of diffuse discharge radiation pulses in the visible and UV regions (Psp) at wavelengths of 149 and 174 nm, as

well as oscillograms of the signal from the capacitive divider (U) and the discharge current (I). The diffuse discharge is formed (a) —
in the flow of the Ar:N2 mixture with the speeds of 5 l/min:22ml/min (the nitrogen content in the mixture is 0.44%), the generator

GIN-100-5, 30 kV and (b) — in the He:N2 mixture at the pressures of 2 atm:3 Torr (He:N2=99.8:0.2%), the generator GIN-50-1, 25 kV.

plasma by a train of reflected pulses over several hundred

nanoseconds. After pumping ceases, a secondary increase

in emission intensity at 149 and 174 nm is observed. This

indicates that a relaxation plasma energy transfer channel

exists to the upper level of these VUV transitions. Emission

spectra under these conditions were similar to those shown

in Fig. 3, b. The intensity of the VUV lines significantly

exceeded the intensity of emission from the second positive

system of nitrogen, which is unusual for diffuse discharges

in mixtures with N2 [12], and noticeably increased with the

rise in voltage pulse amplitudes from the generators.

Similar discharge parameter behavior is observed when it

is formed by a single pulse (Fig. 8, a). Here, an increase

in VUV emission intensity after the excitation pulse ends is

also visible. However, under these experimental conditions,

the intensity of atomic nitrogen emission decreases by more

than an order of magnitude compared to emission from

plasma jets and diffuse discharges excited by a pulse series

(fig. 8, b). This can be explained by the integral photographs

of the diffuse discharge shown in Fig. 9. When a single 1 ns

pulse is applied to the gap, the diffuse discharge forms as

a blue streamer about 2mm wide, similar to the results

provided in [22,23]. Increasing the pump pulse duration

causes the diffuse discharge to transition to a channel

stage, reducing its width by approximately three times. A

pink halo surrounds the channel, caused by emission of

the first positive system of nitrogen from the expanding

channel, continuing for several tens of microseconds after

the discharge current ends. These data indicate that to

achieve efficient emission on nitrogen VUV lines, it is

necessary to increase the discharge current density, which

enhances electron-impact dissociation of nitrogen molecules

and increases atomic nitrogen concentration in the discharge

plasma. The increase in VUV emission power in the wire-

to-wire discharge can also be attributed to higher current

density in tube 2 compared to tube 1.

The peaks in spontaneous emission pulses in UV and

visible spectral regions in Figs. 7 and 8 mimic the peaks

of excitation pulses. Pulses at 147 and 174 nm lines

began several nanoseconds after gap breakdown, reaching

maximum intensity within about 30−40 ns, after which

VUV emission intensities oscillated with a period close

to the period of discharge current pulses. Peaks of

emission and current pulses did not coincide due to front

delays in photomultiplier tube optical signals from the

monochromator. Analysis of the diffuse discharge emission

spectrum formed by a single pulse from the GIN 55-01

generator showed that during the first nanoseconds after gap

breakdown, emission pulses from nitrogen ion at 391 nm

and nitrogen molecule at 337 nm appear. These pulses peak

at 10 and 15 ns, respectively, and cease after ∼ 50 ns. VUV

emission pulses are delayed by a few nanoseconds with a

rising front of ∼ 35 ns followed by a smooth intensity decay.

It is known that the upper level of the 337 nm transition

is populated by direct electron impact [24]. The difference

between UV and VUV pulses indicates that direct electron

impact is not the main channel for populating the 2P atomic

nitrogen level.

Additional experiments and modeling calculations are

required to determine the population channels of the

upper levels of atomic nitrogen VUV transitions. For

example, in argon mixtures, possible population channels of

the 2P atomic nitrogen level may include collisional energy

transfer from long-lived metastable argon levels Ar∗ cascade

transitions from a long-lived (> 100 ns) atomic nitrogen

level 2S with excitation energy of 11.6 eV, which can be

effectively populated in collisions with argon metastables

Ar∗ (3P0) (11.72 eV), accompanied by photon emission at

1345.6 nm, or relaxation of level 2S to 2P by collisions with

Ar atoms [25–27].

In the case of helium mixtures, this mechanism for

populating the 2P level will not operate. Experiments

44∗ Optics and Spectroscopy, 2025, Vol. 133, No. 7
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(b) discharge spectrum. A diffuse discharge is formed in a

mixture of He:N2 at pressures of 2 atm:3 Torr (He:N2=99.8:0.2%).
Generator GIN-50-1, 25 kV, load connected 75�.

conducted in [3,12] showed that during the voltage decay

stage at high electric field strengths across the gap, emission

from the second positive system of nitrogen first appears,

with an intensity noticeably higher than that of the VUV

lines. After the voltage decay and current increase in

the gap, leading to discharge contraction, the VUV lines

appear with a delay of several nanoseconds, and their

intensity significantly exceeds that of the 2+-system. This

indicates that in the initial discharge stage, direct ionization

processes of nitrogen molecules dominate. These works

suggest that the main mechanism for forming excited atomic

nitrogen may be a two-step process. During discharge

formation, nitrogen molecules dissociate via direct electron

impact; then, under high current density conditions, nitrogen

atoms in the N(2P) state arise from collisions between

electrons and nitrogen atoms in the ground state N(2D◦)
and excited state N(2P◦) [3,12]. As noted above, in our

experiments, VUV line intensity also increased with higher

discharge current density. Other kinetic processes in gas-

discharge plasma leading to nitrogen molecule dissociation

are discussed in detail in [28].

In experiments [29] VUV lines appeared with a delay

after streamer closure of the gap. The population of

the upper VUV transition levels was associated with

dissociative recombination of the molecular nitrogen ion in

the ground state via the following process:

e + N+
2 (X26+

g ) → N(2P) + N(4S◦).

After the discharge current ceases, the main channel popu-

lating the N(2P) level may be collisions of vibrationally ex-

cited nitrogen molecules in the metastable state 2(A
36+

u , ν)

with nitrogen atoms in the states N(2P◦) and 2D◦ [30],
which are also metastable with lifetimes of 11 and 49000 s,

respectively [31].

It should be noted that [32] reports the possibility

of achieving amplification on atomic nitrogen lines. To

verify the possibility of lasing at 149.3 and 174.3 nm lines,

measurements of VUV emission from an extended diffuse

discharge using an experimental setup with long blade

electrodes are planned [14].

a

b

Figure 9. Integral photographs of diffuse discharge in a mixture

of He:N2at pressures of 1 atm:3 Torr (He:N2=99.6:0.4%). A single

pulse (a) or a pulse series (b) is applied to the gap. FPG-10 (a)
and GIN 50-1 (b) generators.
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Conclusion

It has been shown that plasma jets and diffuse discharges

formed in gaps with non-uniform electric fields by nanosec-

ond high-voltage pulses, due to runaway electrons in argon,

helium, and nitrogen mixtures, are sources of intense VUV

emission of atomic nitrogen at wavelengths of 149 and 174

nm. Optimization of mixture compositions and plasma jet

generation conditions was performed to achieve maximum

emission power on atomic nitrogen lines. An average

emitted power of up to 6.8mW/cm2 was obtained.

Volt-ampere and emission characteristics of diffuse dis-

charges in He(Ar)−N2 mixtures were measured. It was

found that emission intensity at wavelengths 149 and

174 nm increases after the diffuse discharge current ceases.

The possibility of stimulated emission on atomic nitrogen

lines was proposed.

It was demonstrated that to increase emission intensity

on nitrogen atom VUV lines, it is necessary to increase the

discharge current density.
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