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Comenius University, Mlynská dolina, 84248 Bratislava, Slovakia
c
Department of Experimental Physics, Faculty of Mathematics, Physics and Informatics, Comenius University,
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Abstract
The paper demonstrates several ways of use of the UV–vis optical emission spectroscopy of medium resolution for the diagnostics of
atmospheric pressure air and nitrogen plasmas relevant to bio-medical and environmental applications. Plasmas generated by DC discharges (streamer corona, transient spark, and glow discharge), AC microdischarges in porous ceramics, and microwave plasma were
investigated. Molecular (OH, NO, CN) and atomic (H, O, N) radicals, and other active species, e.g. N2 (C, B, A), N2 þ (B), were identiﬁed. The composition of the emission spectra gives insight in the ongoing plasma chemistry. Rotational, i.e. gas, and vibrational temperatures were evaluated by ﬁtting experimental with simulated spectra. Streamer corona, transient spark and microdischarges generate
cold, strongly non-equilibrium plasmas (300–550 K), glow discharge plasma is hotter, yet non-equilibrium (1900 K), and microwave
plasma is very hot and thermal (3000–4000 K). Electronic excitation temperature and OH radical concentration were estimated in
the glow discharge assuming the chemical equilibrium and Boltzmann distribution (9800 K, 3 · 1016 cm3). Optical emission also provided the measurement of the active plasma size of the glow discharge, and enabled calculating its electron number density (1012 cm3).
 2007 Elsevier Inc. All rights reserved.
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1. Introduction
Atmospheric pressure plasmas in air and nitrogen generated by electrical discharges present considerable interest
for a wide range of environmental, bio-medical and industrial applications, such as air pollution control, waste water
cleaning, bio-decontamination and sterilization, material
and surface treatment, electromagnetic wave shielding, carbon beneﬁciation and nanotube growth, and element analysis. Besides measurements of electrical discharge
parameters and photo-documentation, optical emission
*

Corresponding author.
E-mail address: machala@fmph.uniba.sk (Z. Machala).

0022-2852/$ - see front matter  2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.jms.2007.03.001

spectroscopy (OES) in UV–vis regions is widely used for
plasma diagnostics as non-invasive and in situ method. It
provides valuable information on excited atomic and
molecular states, enables to determine the rotational, vibrational, and electronic excitation temperatures of the plasma
and thus the level of non-equilibrium and the gas temperature, and sometimes even the electron temperature [1,2]. In
addition, it enables to identify many radicals and active
atomic or molecular species and so gives insight in the
plasma chemical processes. This enables understanding
and optimizing the air or water pollution control processes.
Identiﬁcation of radicals is also of great importance in
biological and medical applications in order to understand
the mechanisms of bio-inactivation and of the plasma
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interaction with living cells [3,4]. Excited states are produced mostly by collisions with energetic electrons, and
therefore it is assumed that optical emission can provide
a measurement of the plasma active size. This is important
in plasma shielding and other applications and also enables
calculating basic discharge characteristics and so provides
understanding of the physical mechanisms.
Detailed OES characteristics of discharge dynamics usually requires spectrometers equipped with costly ICCD
cameras with nanosecond time and very high spectral resolution. Such systems enable for example investigations of
temporal/spatial streamer or microdischarge dynamics,
Stark broadening analysis for obtaining electron densities,
or detailed understanding of chemical mechanisms and
measurements of excitation and quenching rate constants
[1,2,5–7]. Nevertheless, as we present here, a lot of valuable
information on the continuous DC and even on AC or
pulsed discharges can be obtained with a relatively cheap
spectrometer with medium resolution and long time gates.
We ﬁrst present OES characterization of three types of
DC electrical discharges generating non-thermal plasmas
in atmospheric air or nitrogen: streamer corona, transient
spark, and glow discharge. They generate non-equilibrium
plasmas inducing various chemical end biological eﬀects that
are in the interest of polluted air and water cleaning and biodecontamination. We successfully demonstrated their use
for ﬂue air cleaning from organic compounds (VOCs) and
for bio-decontamination of some bacteria (Salmonella
typhimurium, Bacillus subtilis, Bacillus cereus) [8–11].
We also studied the emission spectra of AC microdischarges in porous ceramic media in atmospheric pressure
air, and nitrogen/oxygen mixtures. The microdischarges
produce a large density of energetic electrons and free radicals at relatively low energy consumption; so they represent a potential method for car exhaust cleaning [12,13].
Their chemical eﬀects can be even enhanced when the discharge plasma is combined with catalysts, typically of pellet bed type or of honeycomb structure.
Finally we investigated the emission spectra of
atmospheric pressure microwave plasma in nitrogen without/with admixtures [14], which can be used for various
environmental or industrial applications, such as ﬂue gas
cleaning, carbon beneﬁcation, surface treatment, and
element analysis. Similar MW plasma was used for carbon
nanotube growth, and OES was employed as the key diagnostics as well [15]. We tested this plasma for the beneﬁcation of waste carbon resulting from used tyre pyrolysis [16].
2. Experiment
2.1. Emission spectroscopy
The experimental set-ups for DC and AC discharges,
and MW plasma are shown in Figs. 1 and 2, respectively.
The light emitted from the discharges was lead through
the optical system consisting of a He–Ne laser for the alignment, an iris and one or two lenses, and focused on the
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entrance of either the Y-type optic ﬁber, or through a
beamsplitter to two optic ﬁbers positioned at 90. A
two-channel spectrometer Ocean Optics SD2000 (Master
200–500 nm, spectral resolution 0.6 nm; and Slave 500–
1100 nm, resolution 1.2 nm) was used for the optical emission diagnostics. The minimum time gate of the CCD array
on the spectrometer was 3 ms but in most cases we integrated spectra over 1 s or more. The best spatial resolution
was 0.2 mm. The optical system was calibrated by tungsten
and deuterium lamps traceable to NIST calibration
standards.
2.2. Discharge characteristics
Three types of DC electrical discharges generating
non-thermal plasmas in atmospheric air or nitrogen were
investigated: a well known streamer corona (SC), and a
relatively novel transient spark (TS) and glow discharge
(GD); both in more detail described in [8–11]. We tested
these discharges in both polarities between two metal electrodes, or with one electrode immersed in water, which simulates conditions of the discharge action on biological
media in water solution. SC and TS are pulsed discharges
despite the DC applied voltage.
SC is typical with small current pulses (10 mA) with a
repetitive frequency of 10–30 kHz, during which the discharge voltage remains fairly constant. TS is a repetitive
streamer-to-spark transition discharge. The voltage drops
to zero during the high current pulses (1 A) with typical
repetitive frequency of 0.5–5 kHz. Thanks to the very short
spark pulse duration (100 ns) given by a small internal
capacity of the discharge chamber and a limiting series resistor, the plasma cannot reach LTE conditions [8]. On the
other hand, the periodic streamer-to-spark transition provides non-equilibrium conditions with fast electrons resulting in eﬃcient chemical and biological cleaning eﬀects. GD
has constant voltage and current (1–10 mA), and a
descending current–voltage characteristics, described in
detail in [9,10]. It is pulseless thanks to the appropriate series
resistor that prevents its transition to spark but allows small
current. With the current increasing above some 100–
1000 mA, the discharge smoothly transits towards an arc.
Here we show the emission spectra of the DC discharges
in a 4 mm gap (distance between the high voltage needle
electrode and the water level); SC: repetitive frequency
26 kHz, current pulse amplitude Imax = 25 mA; TS:
1 kHz, Imax = 1.5 A; GD: I = 6 mA.
AC and DC microdischarges (MD) in porous ceramic
media in atmospheric pressure air and nitrogen/oxygen
mixtures were in more detail described in [12,13]. The pore
size and the thickness of the tested ceramics were 2–200 lm
and 3–7 mm, respectively. The MD electric and optical
characteristics depend very much on the pore size, discharge power, gas mixture composition and gas ﬂow rate.
At a small voltage (e.g. up to 10 kV for 7 mm thick ceramics) or for very small pores (<2 lm), a surface discharge
over the ceramics surface was observed. With an increasing
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Fig. 1. Experimental set-up for DC and AC discharge experiments and emission spectroscopy.

applied voltage, microdischarges inside the ceramics were
formed. The onset voltage of MD increased with the
decreasing pore size. For a given voltage, the MD total current increased with the pore size. The amplitude (10–
35 A) and the frequency (kHz) of the current pulses
increased with the MD mean current. The maximal amplitude of the pulses was observed for 50 and 80 lm pore
sizes, while the frequency was relatively independent of
the pore size.
Atmospheric pressure microwave (MW) plasma generated by Litmas Red plasma torch (2.45 GHz, 3 kW) in
nitrogen without/with admixtures was ﬁnally investigated.
The torch can generate plasmas in the temperature range
750–4700 K, the gas ﬂow rates 8–110 l/min and magnetron
powers up to 3 kW.
3. Results and discussion
3.1. Identiﬁcation of species in the emission spectra
The typical emission spectra of the three types of DC
discharge are shown in Figs. 3 and 4. As usual with atmospheric air non-equilibrium discharges, N2 spectra were

dominant. In equilibrium (LTE) plasmas they appear only
when gas temperature reaches 6000 K [1]. Spectrum of N2
2nd positive system (C3Pu–B3Pg) in UV was typically
accompanied by the N2 1st positive system ðB3 Pg –A3 Rþ
uÞ
in vis indicating the formation of N2 A3 Rþ
states.
These
u
long-lived metastables (energy 6 eV) are important as reservoirs of energy promoting plasma chemical reactions
leading to condensed products in ﬂue gas cleaning applications [8], although their lifetime in air plasmas is rather
short due to collisional quenching by oxygen. On the other
hand, N2 A3 Rþ
u plays an important role in discharges in
N2–CO2 and N2–CO2–H2O mixtures, enabling formation
of amino acids and other organic species that were probably involved in the chemical evolution of life on the Earth
[17].
Emission of OH (A2R+–X2P3/2) and NO c (A2R+–
2
X Pr) systems in UV are also often observed in air plasmas. OH radical is formed from water vapors present in
the ambient air. In our discharges with water electrode,
water was evaporated directly. NO radical was formed
from O2 and N2 that dissociate at higher temperatures
(>1600 K) or by electron impact. NO and OH radicals were
detected mainly in GD. They play crucial roles in biochemi-
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Fig. 2. Experimental set-up for MW plasma experiments and emission spectroscopy.

λ

Fig. 3. Typical emission spectra of DC discharges in UV region (corrected
for the spectrometer’s spectral response). Gap: 4 mm; SC: 26 kHz,
Imax = 25 mA; TS: 1 kHz, Imax = 1.5 A; GD: I = 6 mA.

Fig. 4. Typical emission spectra of DC discharges in vis–NIR region
(corrected for the spectrometer’s spectral response). Gap: 4 mm; SC:
26 kHz, Imax = 25 mA ; TS: 1 kHz, Imax = 1.5 A; GD: I = 6 mA.

cal decontamination, sterilization and water cleaning applications due to their strong reactivity and bactericidal eﬀect.
Plasmas with high electron temperatures (i.e. energies)
give the emission of N2 þ 1st negative system
2 þ
ðB2 Rþ
u –X Rg Þ and atomic N, O, and H lines, as could be
observed in TS, as well as in MD. These species indicate
a high level of non-equilibrium and the presence of energetic electrons that initiate dissociations and ionizations,
essential in air and water cleaning, as well as in bio-decontamination. Atomic N, O, and H radicals initiate further
plasma chemical processes, such as formation of ozone

(O3), peroxyl radicals (HO2), and many other reactive species. MD demonstrated additional atomic lines and molecular bands in the emission spectra resulting from the
ceramic material.
Emission spectra of MW plasmas generated by the
plasma torch in nitrogen were composed of CN violet
(B2R+–X2R+) and red (A2P–X2R+) systems. CN radicals
are formed in N2 from carbon-containing impurities. There
were no N2 spectra detected because the electron energy in
this plasma was too weak to electronically excite N2 molecules. A very small admixture of oxygen or water vapor
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Fig. 5. UV emission spectra of MW plasma in nitrogen with small O2
admixture. P = 1.46 kW, Q = 26 l/min.

(100–1000 ppm) in the nitrogen plasma dramatically
changed the involved plasma chemistry and thus the emitted spectra, strongly decreasing the CN emission and
enhancing the emission of NO or NH radicals, as illustrated in Fig. 5. Similar eﬀect was observed in low pressure
afterglow by [4].
3.2. Temperature evaluation from the emission spectra
Spectra of the N2 2nd positive system (C3Pu–B3Pg) emitted both in air and nitrogen are the most convenient for
plasma diagnostics, since they enable to determine rotational
Tr and vibrational Tv temperatures by ﬁtting the experimental spectra with the simulated ones. We used SPECAIR [1,18]
and LIFBASE [19] software for spectral simulation. Other
radiative excited species can be used for this purpose as well,
most typically OH [1,20], but also NO or CN. However, they
typically overestimate the temperatures due to the fact that
these radicals are result of chemical reactions and residual
chemical energy can manifest itself by elevating temperatures [2,21]. Fitting the experimental spectra with the simulated ones is shown in Fig. 6.
Owing to fast collisional relaxation at atmospheric pressure, the gas temperature Tg equals with Tr. Vibrational
temperature Tv > Tr indicates the non-equilibrium in the
plasma, although it may not be well deﬁned in strongly
non-equilibrium conditions when vibrational states do
not follow the Boltzmann distribution. The temperatures
measured in DC discharges with the low-voltage electrode
submerged in water were the following:
SC (26 kHz): Tg  Tr = 350 ± 100 K, Tv = 2000 ± 500 K
TS (1 kHz): Tg  Tr = 550 ± 100 K, Tv = 3000 ± 500 K
GD (6 mA): Tg  Tr = 1900 ± 100 K, Tv = 3500 ± 200 K
When no water was present in the discharge chamber, the
same discharges at approximately the same parameters gave
slightly higher temperatures (about 50 K more in SC and TS,

Fig. 6. Determination of rotational temperatures from N2 2nd positive
system (corrected for the spectrometer’s spectral response). Gap: 4 mm;
TS: 1 kHz, Imax = 1.5 A; GD: I = 6 mA.

and 100 K in GD). In the humid case, some portion of energy
was spent for water evaporation and dissociation.
The evaluated GD temperatures are in a good agreement
with other authors who investigated a similar discharge
between two metal electrodes [21,22] or even with water electrode [23,24]. Tg of GD is high, because it is a continuous discharge. A large fraction of the electron energy is lost via
excitation of the vibrational modes of air molecules, mainly
N2. These vibrational modes subsequently relax through collisions with the dominant species. The collisional quenching
transfers the energy from vibration into the translational
modes of molecules, which results in Joule heating of the
gas. The typical time scales of this vibrational–translational
(V–T) energy transfer in atmospheric air are 10–100 ls. In
the short pulses of TS, SC or MD (duration 100 ns), this
V–T transfer does not have suﬃcient time to develop during
the discharge pulse. It can only aﬀect the relaxation phase
between the pulses. But there, its eﬀect on the gas heating
is weak because its time scales are on the contrary much
shorter that the typical length of the relaxation period (with
the repetitive frequency of some 1 kHz). Therefore Tg
remained fairly low in TS, SC, and MD, despite the electrons
had high energies.
Gas temperatures in AC microdischarges in porous
ceramics in nitrogen/oxygen mixtures with the typical
power of about 3–4 W (16–18 kV) measured by the same
way gave the following results:
Pure N2:
Tg  Tr = 300 ± 50 K, Tv = 2000 ± 300 K
5% O2 in N2: Tg  Tr = 350 ± 50 K, Tv = 2500 ± 300 K
20% O2 in N2: Tg  Tr = 400 ± 50 K, Tv = 2800 ± 300 K
The temperatures increased with the increasing amount
of O2. This is because O2 is an electronegative gas and so
decreases the number of electrons by attachment under formation of negative O and O2  ions. Higher energy was
thus required to sustain the discharge at the same parameters than in nitrogen, resulting in higher temperatures. The
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Fig. 7. Determination of rotational temperatures from CN violet spectral
bands; Q = 15 l/min.

same eﬀect has been observed in our previous experiments
with the atmospheric glow discharge [8].
In the MW plasma, the temperatures were evaluated
from the CN violet (B2R+–X2R+) system (Fig. 7), since
CN was the only emissive species in this case. This plasma
reached 3000–4500 K depending on the microwave power
and the gas ﬂow rate, and was close to the local thermal
equilibrium (LTE) conditions. We admit that the temperature measured from CN spectra may be overestimated,
since CN are radicals formed by chemical reactions. Nevertheless, a high temperature of this plasma is required for
applications such as carbon beneﬁcation, and was conﬁrmed by desirable structural and composition changes
of the treated waste carbon [16].
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radicals formed by chemical pathways, and thus may posses certain chemical energy. They also may not follow the
Boltzmann distribution of electronic excited states.
After having Tg = Tr, Tv, and presumed Tel of GD, and
assuming the Boltzmann distribution of all excited electronic states, we can estimate the concentration of OH radicals from the intensity of the OH A–X band. Since OH
A–X band partly overlaps with the N2 2nd positive 1–0
and 2–1 bands, this method is very sensitive to Tel and
Tv. SPECAIR uses the database of an initial LTE species
distribution at various temperatures (not speciﬁc to the
excitation). In all air modeled spectra we used this database
for air with 42% relative humidity. However, even after Tel
being found, the OH modeled spectrum could not reach the
value of the measured intensity of OH bands, since the real
concentration of water vapors in the discharge was higher
(Tg = 1900 K caused a strong water evaporation and dissociation). So we increased the initial OH concentration in
this database until a good match with the measured OH
bands was reached, as shown in Fig. 9. The corresponding

3.3. Electronic temperature and radical concentration
measurement
Spectra with several emission systems enable estimating
Tel, the electronic excitation temperature, which corresponds to the Boltzmann distribution among excited electronic states. This Tel may be close to Te, the temperature
of free electrons. Non-equilibrium plasmas typically have
Te>Tel>Tv > Tr [1,21]. We estimated Tel in GD that demonstrated N2 2nd positive, NO c, and OH systems in the
UV spectra. By changing Tel in the modeled spectrum, relative intensities of N2 2nd positive and NO c systems varied and we found the best ﬁt of the experimental spectrum
at Tel = 9800 K (after having Tr and Tv already determined), as shown in Fig. 8. We may presume Te higher
than Tel. In TS, this Te is most likely even higher due to
stronger formation of atomic radicals and N2 þ ions, as discussed above. Regrettably, Tel could not be estimated by
this method in TS, since NO c system was not present
and N2 þ 1st negative was too weak to draw any conclusions. We expect higher Te also in MD.
Nonetheless, the reliability of this described method is
limited, because it is based on N2 2nd positive and NO c
systems that may not be in chemical equilibrium. NO are

Fig. 8. Estimation of Tel from the complex glow discharge spectra
(corrected for the spectrometer’s spectral response). Gap: 4 mm;
I = 6 mA.

Fig. 9. Fitting OH bands to estimate the OH concentration in the glow
discharge (corrected for the spectrometer’s spectral response). Gap: 4 mm;
I = 6 mA.
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OH concentration was found: [OH]  0.8% vol. that (at
1900 K, neutral density N = 3.86 · 1018 cm3) corresponds
to approximately 3 · 1016 cm3. Keeping in mind the limitations of the determining Tel and the Boltzmann distribution assumptions, this calculated OH concentration should
be taken as a very rough estimate, just indicating the order
of magnitude. However, such concentration is very high
and so explains the dominant role of OH radicals in biodecontamination or ﬂue gas cleaning applications.
3.4. Measurement of the plasma size and electron density
The spatial distributions of the light emitted from the discharge provide useful information on the discharge properties. The 2-dimensional radial-axial emission intensity
distributions of GD with the discharge current I = 5 mA
and gap length 7 mm were recorded at 337 nm (N2 C–B
(0, 0) band), as shown in Fig. 10. An intensity peak at the
cathode vicinity, as well as the intensity minimum around
2.5–3 mm from the cathode, were distinguished. They can
be also observed visually as lighter and darker spaces.
The diameter of the positive column of the discharge can
be deﬁned as the full width of half maximum (FWHM) of
the radial electron density proﬁle. Although the direct measurement of the electron density in atmospheric pressure
plasmas is diﬃcult, the Abel-inverted radial emission intensity proﬁles of various excited species in the discharge column (most typically N2 C3Pu–B3Pg) can be used to
measure the discharge diameter D. Abel inversion was
applied because the discharge has a radial symmetry. Such
an approach assumes that the emission proﬁles agree well
with the electron density proﬁle. The discharge diameter
measured as the FWHM of the radial emission proﬁles

than allows estimating the plasma volume. It can also be
used to estimate the current density j by using a simpliﬁed
relation
I
j¼ 1 2:
pD
4
The typical GD in ambient air (I = 5 mA) has a diameter
D = 0.53 mm, as measured by emission of the N2 C–B
(0, 0) band, with the corresponding j = 2.3 A/cm2.
Electron number density ne is a very important parameter characterizing the plasma and can be derived from
the measured current density and electric ﬁeld strength.
The simplest estimate of ne can be then obtained using
the expression for the current density
j ¼ ne evd ;
where e is the elementary charge and vd is the electron drift
velocity. The electron drift velocity is given by the electron
mobility le and the electric ﬁeld strength E:
vd ¼ le E:
E was approximately measured from the applied voltage
and the column length. le, or rather the product of the le
and the pressure p, can be considered constant in our
experimental conditions (positive column of an air glow
discharge): lep = 4.6 · 105 cm2 Torr V1 s1 [25]. The pressure should be better represented by the gas density N to
accommodate for the elevated temperature at p = 1 atm,
similar to representing the reduced ﬁeld as E/N rather than
E/p. In N-representation, leN = 1.484 · 1022 cm1 V1 s1
in air glow discharges. This value can be then used in the
expression of the electron drift velocity and the electron
density can be calculated subsequently:
ne ¼

j
:
ele N NE

Resulting ne of GD was in the order of 1012 cm3. Measurements of ne in TS or MD would require a single pulse
time-resolved spectroscopy with an ICCD system.
4. Summary

Fig. 10. 2D radial–axial emission intensity proﬁle at k = 337 nm (corrected for the spectrometer’s spectral response). DC glow discharge in
ambient air, I = 5 mA, gap 7 mm. Radial proﬁles at each axial position
represent integrated intensity over 1 mm thick axial plasma slab.

We used optical emission spectroscopy in UV–vis
regions for the diagnostics of atmospheric pressure plasmas
and discharges relevant to environmental and bio-medical
applications. Identiﬁcation of radicals and other active species in three types of DC discharges and AC microdischarges in ceramics revealed the diﬀerences between the types of
generated non-equilibrium plasmas, as well as their roles in
bio-decontamination and air cleaning processes. Most
importantly, OH, NO and atomic H, O, and N radicals
were detected. In MW nitrogen plasma, CN radicals were
found dominant.
We then applied OES to determine the rotational and
vibrational temperatures and thus the level of non-equilibrium and the gas temperatures of the studied plasmas. All
studied DC and AC discharges generate non-equilibrium
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plasmas. The continuous glow discharge was the hottest
one with Tg reaching 1900 K, since most of electron energy
is spent for gas heating. The pulsed transient spark, streamer corona and AC microdicharges were relatively cold,
with Tg of 300–600 K. Such cold plasmas are the most convenient for energetically eﬃcient air cleaning, as well as for
sterilization. The MW nitrogen plasma was close to LTE
with high Tg of 3000–4500 K, which is on the other hand
required for carbon beneﬁcation or other processes.
Spectra of the glow discharge enabled the estimation of
the electronic excitation temperature because they contained several molecular systems that were presumed to
be in chemical equilibrium and to follow the Boltzmann
distribution. Tel was estimated to 9800 K, we assume electron temperature higher than that. The concentration of
OH radicals was approximated by ﬁtting the OH bands
and a very high value of 3 · 1016 cm3 was found.
Optical emission, especially axial and radial emission
proﬁles can also provide a measurement of the plasma
active size. We detected non-uniform intensity distribution
along the glow discharge axis and measured the typical
diameter of the positive column. This allowed calculating
the current and electron number densities in the discharge,
with typical values of j = 2.3 A/cm2 and ne  1012 cm3.
In conclusion, we demonstrated several possibilities of
the use of OES to characterize atmospheric pressure plasmas relevant bio-medical and environmental applications.
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