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Optical emission spectroscopy of a discharge in an argon-nitrogen

mixture sustained by terahertz radiation from a free-electron laser
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This paper describes the results of a study of a discharge in an argon-nitrogen mixture created by a focused

beam of radiation at a wavelength of 130 µm from the Novosibirsk Free Electron Laser (NovoFEL). The results

of a study of the population of nitrogen molecules in a fixed electronic-vibrational state under various discharge

conditions are presented. Possible mechanisms for the observed population distribution are discussed.
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The progress in design of high-power sources of terahertz

(THz) radiation [1,2] has paved the way toward the study

of interaction of electromagnetic radiation of this frequency

range with plasma. These studies are of interest primarily

from an applied standpoint, since dense THz-discharge

plasma may serve as an intense source of optical, ultraviolet,

and extreme ultraviolet radiation [3].

One of the key issues with discharges in a focused

beam of electromagnetic waves at the Novosibirsk Free

Electron Laser (NovoFEL) in pure inert gases is that a

discharge shifts toward heating radiation away from the

focus of the beam, increasing significantly the volume of

plasma and reducing the maximum temperature achieved

in the discharge [3]. In the present study, nitrogen was

added to the discharge volume, which had a significant

negative influence on the breakdown conditions outside

the focus of heating radiation. This made it possible

to confine the discharge to the focal spot of NovoFEL

radiation. Data on the ranges of background gas pressures

and gas injection rates supporting the development of a

discharge were obtained. In contrast to [3,4], where the

glow of inert gases was investigated, the present study is

focused on the features of population of rotational levels

of nitrogen molecules in a fixed electronic-vibrational state

under various discharge conditions. Possible mechanisms

behind the observed population distribution are discussed.

The diagram of the NovoFEL optical discharge setup

is shown in Fig. 1. NovoFEL radiation 2 (wavelength,
130 µm; pulse duration, 100 ps; pulse repetition rate,

5.6 or 11.2MHz) was introduced along channel 1 via

rotating mirror 3 into discharge chamber 4 through diamond

window 5 positioned at the Brewster angle in the focal

waist of the mirror introducing radiation into the chamber.

The optical system in the discharge chamber, which featured

three parabolic (6−8) mirrors and a single planar one (9),

then focused FEL radiation to a spot between mirrors 7

and 8 with a minimum transverse size (the width at

half maximum of a Gaussian beam for radiation with a

wavelength of 130 µm was close to 0.3mm). Experiments

were carried out at two NovoFEL pulse repetition rates:

5.6 and 11.2MHz (specific rate values are defined by the

parameters of the setup; see [1] for more details). An
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Figure 1. Discharge chamber and diagram of NovoFEL radiation

input into it. 1 — NovoFEL radiation channel, 2 — THz beam,

3 — rotating mirror, 4 — discharge chamber, 5 — input window

made of CVD diamond, 6 — 30◦ rotating mirror, 7 and 8 — 90◦

focusing mirrors, and 9 — planar mirror.
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increase in pulse repetition rate translated into an increase

in average power of radiation heating the discharge. At

half the maximum average power level, exact proportionality

between the average power and the pulse repetition rate was

achieved easily (the average power increased from 120W at

5.6MHz to 240W at 11.2MHz). The same proportionality

is planned to be established at maximum average powers.

Vacuum discharge chamber 4 was evacuated to pressures

at the level of 10−4 Torr and filled with working gas (argon
with added nitrogen). A high-voltage spark discharge ignited

near the focal spot of electromagnetic radiation was used

to initiate a discharge if the intensity of electromagnetic

radiation was insufficient for self-breakdown.

The discharge was ignited in a gas (argon) jet introduced

into the discharge chamber volume in the region of the

focal waist (see the inset in Fig. 1) through a hole with

an approximate diameter of 1mm in a copper tube cooled

with water (hereinafter referred to as the gas target). The

gas jet was introduced into the discharge volume under

a high pressure (2 bar). The pressure in the discharge

volume was adjusted by altering the rate of gas injection

and pumping. In the discussed experiments, this pressure

was 1 bar. The flow rate of injected gas was regulated and

monitored within the range of 2–10 l/min with the use of a

flow meter. Nitrogen was introduced via a separate injection

line directly into the atmosphere of the discharge chamber.

Its injection rate was varied within the 0.1−1.2 l/min range.

The discharge luminosity was examined within different

wavelength ranges using an MS 5204i monochromator

spectrograph produced by SOL Instruments (1800 1/mm

grating). The instrumental line width calibrated against a

mercury lamp was 0.7 Å. Diagnostics of the discharge glow

was carried out through an optical quartz glass window in

the discharge chamber. Radiation was focused by a quartz

lens and directed to the input of a light guide connected

to the entrance slit of a monochromator. Almost the entire

light output of point discharge 5 (Fig. 2) made its way to

the light guide.

To optimize the discharge conditions further, the dis-

charge glow was examined as a function of argon and nitro-

gen flows introduced into the discharge chamber. The ratio

of intensities of the Ar III lines, which are located within the

range of 250−280 nm, and continuous radiation was chosen

as a parameter characterizing the discharge. It appears that

continuous radiation comes primarily from the cold halo of

discharge plasma, while line radiation is confined to the hot

discharge
”
core“ with an approximate diameter of 1mm.

As the plasma temperature increases, line radiation of the

plasma core intensifies, while recombination radiation of the

cold plasma halo becomes weaker. Therefore, the ratio of

intensities of line radiation and continuous radiation is a

fine qualitative indicator of the discharge temperature. It

was found that each argon flow level has a corresponding

optimal nitrogen flow level at which this ratio is maximized.

As the argon flow increases, the optimal nitrogen flow also

increases.

Figure 2 presents a typical photograph of a discharge

in an argon jet (imaged in the same plane as the inset

in Fig. 1) injected into the volume filled with an argon–
nitrogen mixture. In addition to the discharge itself, a red-

orange
”
tail“ is seen clearly behind it in the direction of gas

flow. It appears that gas passing through the periphery

of the discharge is heated and, propagating through the

background volume of gas, excites the first positive system

of the vibrational-rotational spectrum of nitrogen. This

induces an orange glow along the hot gas path. As the

gas (argon) flow rate increases from 6 to 12 l/min, plasma

of the main discharge becomes increasingly dispersive for

the gas jet, which cannot pass through it [3]. This results

in strong deviations of the jet from the original direction

of propagation and even bifurcation of the luminous tail of

excited atoms.

The glow of the second positive nitrogen system from

the main discharge volume was used to estimate the

temperature of this gas.

As is known, the population of rotational levels in

molecules is often used to estimate the temperature of

gases [5]. In the present study, we investigated the

population of rotational states of ground vibrational level

(vibrational quantum number v = 0) of the C35 state.

The lines of branch R of the second positive system

C35−B35 (specifically, bands (0-2) and (0-0) with their

edges positioned at wavelengths of 380.49 and 337.1 nm,

respectively) were used for this purpose.

Figure 3 shows the dependence of the relative population

(on a logarithmic scale) of rotational levels in a fixed

electron-vibrational state of a nitrogen molecule on the

energy of the rotational level (Bv(J
′ + 1)J′, where J′ is the
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Figure 2. Photographic image of the THz discharge in an

argon−nitrogen mixture. 1, 2 — 90◦ focusing mirrors, 3 — gas

injection tube, 4 — high-voltage spark discharge ignition electrode

(outlined in green for contrast), 5 — main discharge, 6 — orange

discharge
”
tail“, and 7 — central part of the main discharge (two

reflections of the main discharge in the output window). A color

version of the figure is provided in the online version of the paper.
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Figure 3. Population distribution over rotational states in a fixed

electronic-vibrational state of a nitrogen molecule N2(C
35). A

discharge was initiated in a mixture of argon and nitrogen. The

flow rate of argon and nitrogen was 6 and 0.4 l/min, respectively.

The NovoFEL power was 120W.

rotational quantum number). The relative population was

calculated based on the intensity of lines corresponding to

branch R- of band (0-2) of the second positive nitrogen

system as lnz = ln(IJ′J′′/SJ′J′′ν4
J′J′′), where νJ′J′′ is the

J′
−J′′ transition frequency and SJ′J′′ is the intensity factor

in the rotational structure [5]. A temperature coefficient of

population, which was calculated as Tr = Bv(J
′ + 1)J′/lnz

and specified the slope of the dependence of population on

the level energy, was introduced in order to characterize this

population. In the case of a Boltzmann population distribu-

tion, it corresponds to the so-called rotational temperature.

The slope of the dependence of relative populations was

approximated for levels with J′ > 15 (this corresponds to

an energy of approximately 0.05 eV), since the lines of

branch R then do not overlap with the lines corresponding

to branch P .

The temperature coefficient of population was recon-

structed from the slope of the population dependence plot.

Depending on the conditions, this coefficient varied from

approximately 1200 to 2000K. It was virtually indepen-

dent of both the flow rate of argon introduced into the

discharge and the average NovoFEL power (when this

power was set to 120 or 240W). At the same time,

the temperature coefficient of population decreased with

increasing nitrogen flow from approximately 2000 K at

0.1,l/min to 1200K at 1.2 l/min. The same is true for

the vibrational temperature determined from the ratio of

intensities at the peak of bands (0-2) and (1-3) (see,
e. g., [5]). It matched, within a measurement error of

20%, the temperature coefficient of population of rotational

levels and also depended only on the nitrogen flow rate,

decreasing as it increases. It is important to note that

only the lines for J′ up to 30 may be observed for

band (0-2). To track the population of higher rotational

levels, we used the (0-0) band of the second positive

nitrogen system, which allows for observation up to

J′ = 91 [6].
Figure 4 shows the dependence of the relative popu-

lation of levels on their energy reconstructed based on

the (0-0) band. While the temperature coefficient was

roughly (with an accuracy of 20%) equivalent to the

one reconstructed based on band (0-2) within the range

of rotational numbers from 15 to 30, the slope of the

dependence of relative populations of rotational levels be-

came significantly smaller at higher rotational numbers (see
Fig. 4) and corresponded to a temperature of approximately

9000K, which differs significantly from the populations

of levels with 15 < J′ < 30. As the nitrogen flow rate

increased, the indicated temperature dropped approximately

to 6000K.

This non-Boltzmann population distribution has already

been observed in various discharges in nitrogen and mix-

tures of nitrogen with other gases. These studies were

reviewed in [5]. Specifically, the presence of two groups

of rotational levels with different temperature population

coefficients was revealed in [7]: a cold group (with lower J′)
and a hot one (with higher J′). It was also demonstrated

that the temperature of the cold group corresponded to

the gas temperature (apparently, this is also observed in

the present study) determined both from the populations

of rotational levels of other molecules (CO) and directly

with the use of a thermocouple. It is interesting to

note that the rotational temperature of gas passing through

the periphery of our high-temperature laser discharge is

higher than the rotational temperature of gas in discharge

plasma in a low-frequency electric field [8] by approximately

the same factor (∼ 2−3) as the temperature of plasma

at the periphery of our laser discharge compared to
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Figure 4. Population distribution over rotational states in a fixed

electronic-vibrational state of a nitrogen molecule N2(C
35). A

discharge was initiated in a mixture of argon and nitrogen. The

flow rate of argon and nitrogen was 8 and 0.2 l/min, respectively.

The NovoFEL power was 120W.

Technical Physics Letters, 2025, Vol. 51, No. 11



64 A.V. Sidorov, V.V. Kubarev, A.P. Veselov, A.V. Vodopyanov, O.A. Shevchenko...

the temperature of the hottest electrons in the electric

discharge (∼ 1 eV). Therefore, the rotational temperature

of gas may apparently serve as an auxiliary qualitative

probe of the temperature of main plasma of our laser

discharge.

It appears that the increased population of levels with

high J in our experiments is attributable to collisions of

nitrogen molecules in the ground state with excited argon

atoms, which occur, e. g., in reaction

N2(X
16) + Ar(3p54s) → N2(C

35) + Ar(3p6 1S0). (1)

This reaction has been studied extensively as a source

of highly excited levels of nitrogen molecules in the C35

state (see, e. g., [5] and references therein). However,

the excess energy released in it does not exceed 0.8 eV,

but higher-energy levels are also seen in Fig. 4. The

high-pressure THz discharge discussed here is charac-

terized by high concentrations of both neutral particles

and electrons (at the critical concentration level; i. e., on

the order of 1017 cm−3 at 2.3 THz), which is typical of

this discharge type, and a high specific energy input

into the discharge (on the order of 100−200 kW/cm3,

when averaged over time under the specified conditions).
Therefore, this discharge is an intense source of ultra-

violet radiation (up to vacuum ultraviolet), which may

excite argon atoms not only to the 3p54s state, but

also to the higher 3p54p state with a roughly 2 eV

energy excess above the C35 level of a nitrogen

molecule.

In fact, precisely the inert gas atoms excited by ultraviolet

radiation of the discharge are the reason why a THz

or microwave discharge [9] in pure inert gases has the

capacity to spread into the region of essentially pre-

breakdown fields that are significantly weaker than the

breakdown fields for a cold gas (without a discharge),
since the ionization of inert gas atoms from an excited

state requires a significantly lower electron energy (just
2−4 eV for argon). In our experiments, the discharge

with added nitrogen could be maintained only in the focal

region of THz radiation and, in contrast to a discharge

in pure argon, did not shift toward heating radiation.

This provides an indirect indication of effective quench-

ing of excited argon atoms in collisions with nitrogen

molecules.
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