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1. Introduction

Low temperature atmospheric pressure plasma discharges 

are widely used in many technological applications such 

as plasma surface treatment of various materials, plasma 

enhanced chemical vapour deposition (PECVD) of thin ilms, 

pollutant degradation, natural gas reforming or synthesis of 

advanced materials. Besides these, the usage of atmospheric 

plasma sources in medical and biomedical applications was 

studied recently. Examples may be plasma medicine, acceler-

ated wound healing, disinfection and decontamination of both 

living tissue and medical instruments [1–15].

The atmospheric pressure plasma jets are signiicantly non-

uniform in both axial and radial direction [16]. The greatest 

change of plasma properties takes place near the discharge 

tube end where the plasma plume mixes with ambient atmos-

phere. This mixing zone is very important as many active 

species necessary for the plasma surface treatment (or other 

applications) are actually formed there. The spatial proile 

of their concentration is affected by many parameters such 

as composition of working gas, its low rate, discharge tube 

diameter, coniguration of the plasma excitation, input power, 

current state of the ambient atmosphere, etc.

Plasma jets, with their steep gradients of physical quanti-

ties, local inhomogeneities, low turbulences, temporal insta-

bilities and strongly interconnected electromagnetics, luid 

dynamics, plasma physics, and plasma chemistry [17–22] 

are notoriously dificult to be fully theoretically described. 

Existing theories and models [23–27] therefore always 

employ suitable approximations and simpliications and are 
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validated by comparison with comprehensive experimental 

observations.

Recent experimental investigations of the plasma jets 

were carried out using advanced diagnostic techniques, such 

as high speed intensiied charge-coupled device (ICCD) 

imaging, shadowgraphy, schlieren visualization or planar 

laser-induced luorescence (PLIF) [21, 22, 26, 28–32]. These 

methods can provide excellent spatio-temporal resolution and 

are able to reveal the complex luid dynamics i.e. laminar and 

turbulent gas low regimes or the formation of transient vortex 

structures.

Advantageously using inherent plasma non-linearities, the 

discharges excited using pulsed or modulated power can have 

signiicantly lower thermal loading of the substrate with higher 

density of active particles (such as electrons, ions, excited 

species, atoms, molecules, radicals, etc) than the continuous 

wave plasma at the same mean power [33–37]. Moreover, the 

modulation offers additional tunable parameters, which ena-

bles better optimisation of the plasma process [38–40].

Although the modulations are most often of the simple 

on/off variant, more complex modulation schemes are pos-

sible. From the point of view of frequency domain analysis, 

the simplest modulation of all is the modulation by sine wave. 

Some aspects of the inluence of such modulation on atmos-

pheric plasma jet were published recently [41–44] and were 

found suitable for various applications [9, 45, 46]. Among 

others, effective broadening of the active plasma region was 

observed for certain power modulation frequencies [42].

In this paper, the plume of power modulated plasma jet 

is studied by means of high speed ICCD imaging in phase- 

synchronized mode using spectral bandpass ilters, which 

discern the regions of various dominant spectral emission 

activity in the plume. When combined with time-averaged 

standard optical emission spectroscopy using a spectro-

meter it can reveal and visualize complex luid dynamics and 

plasma-chemical processes that govern the unstable plasma-

ambient interface. These observations are supplemented by 

phase-resolved schlieren photography which reveals some 

aspects of the gas dynamics.

2. Experimental set-up

The whole experimental set-up can be seen in igure 1. It con-

sists of the plasma device itself and diagnostic devices.

2.1. Plasma system

The principal component is a particular type of microwave 

plasma jet—the surfatron (SAIREM Surfatron 80). The power 

to this surface wave driven jet [47] was supplied by microwave 

(2.45 GHz) generator (SAIREM GMP 20 KED) in amplitude 

modulated (AM) mode, for which, if not said otherwise, sine 

envelope modulation with 165 W in minimum and 315 W in 

maximum of output power at modulation frequencies 90 Hz, 

900 Hz or 1710 Hz was used. The microwaves were fed from 

the magnetron to the surface wave launcher via a waveguide, 

ferrite circulator, relectometer, 3-stub tuner and coaxial cable. 

Impedance matching was adjusted speciically for each modu-

lation frequency to achieve less than 3% relected power at the 

mean power while keeping the relected power below 10% at 

power maxima and minima.

In igure  2 the actual microwave power envelopes are 

shown. For 90 Hz and 900 Hz the power envelope matches 

the modulating sine signal but for the highest modulation 

frequency of 1710 Hz, the actual output power envelope is  

visibly distorted. This can be attributed to a limited frequency 

response and/or slew rate of the voltage controlled magnetron 

supply.

The plasma is excited inside a fused silica discharge tube 

(2 mm inner diameter, 4 mm outer one) vertically passing 

through the centre of the surfatron body, the tube ending 1 cm 

above the launching gap. Atmospheric pressure argon (1 slm) 

with small admixture of water vapour (2600 ppm(V)) is used 

as a working gas lowing through the discharge tube. The 

water is added intentionally to obtain reproducible humidity, 

since the water vapour is always present in the feed gas, 

unless extensive effort is made to remove it. The discharge 

tube is open into ambient atmosphere, where the argon plasma 

efluent mixes with air and where a possible material treatment 

Figure 1. Schematic drawing of the experimental set-up.
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would take place. This plasma plume is the main focus of this 

paper.

The generator, the circulator and the surfatron body are 

cooled by water. Additionally, the discharge tube itself is 

cooled by externally lowing compressed dry air (5 slm) with 

controlled humidity (5000 ppm(V)).

In the jet plume, there are thus three interacting gas 

environ ments: (i) the argon plasma, outlowing from the dis-

charge tube, with elevated gas temperature (in the order of 

several thousand Kelvin [43]) and humidity of 2600 ppm(V), 

(ii) cooling air at temperature lower than that in the discharge, 

lowing co-axially around the plasma jet, forming a gas 

shield around a part of the plume, with humidity around 5000 

ppm(V), and (iii) the stationary ambient air at room temper-

ature and humidity in the order of 10 000 ppm(V). The whole 

experiment was encompassed by plastic sheet to minimize 

any unwanted perturbations of the jet and its surroundings 

from outside.

2.2. Optical diagnostics

The ICCD camera (PI-MAX2 1024RB-25-FG43, 16-bit grey-

scale resolution, ×256 1024 pixels) equipped with macro lens 

is observing the whole discharge above the surfatron body 

(i.e. 1 cm inside the discharge tube  +  several cm of the plasma 

efluent and the plasma afterglow above the tube) through  

following bandpass ilters (the given widths are FWHM):

( ±248 5) nm corresponding to NOγ system, i.e. the bands 

of NO ( →Σ Π+A X2 2 ) transition

( ±307 10) nm corresponding to OH ( →Σ Π+A X2 2 ) 

trans ition, namely the vibration band (0,0) and, to a limited 

extent, also (1,1)3. Nitrogen 2nd positive system, vibration 

bands (2,1), (3,2) and (4,3) may also be present.

( ±355 10) nm corresponding to 2nd positive system of 

nitrogen (N2 ( →Π ΠC Bu g
3 3 ) transition), vibration bands 

(0,1), (1,2) and (2,3). In this wavelength range, the 1st nega-

tive system +N2  ( →Σ Σ
+ +B Xu g

2 2 ), vibration bands satisfying 

(v, v  −  1) with v  =  1, 2, 3, 4, 5, is also present.

( ±780 10) nm corresponding to argon transitions →p s2 12 3
4  

at 772.42 nm and →p s2 17 5 at 772.37 nm and oxygen triplet 

→p P s S3 35
1,2.3

5
2 around 777.4 nm

( ±845 5) nm corresponding to argon transitions →p s2 18 4 

at 842.47 nm and →p s2 14 2 at 852.14 nm and oxygen triplet 

→p P s S3 33
0,1,2

3
1 at 844.6 nm

The transmittances of the optical ilters as measured by 

spectrophotometer PerkinElmer Lambda 1050 are shown in 

igure 5.

In order to achieve phase resolved measurements, the 

ICCD camera is triggered by the same signal which was 

modulating the microwave generator with variable delay. For 

each modulation frequency, more than one full period was 

captured with at least 24 time-steps. The lens aperture was set 

to minimum to obtain depth of ield larger than the discharge 

diameter. Nevertheless, the objective lens had to be slightly 

refocused for each bandpass ilter. To compensate for this 

change in ield-of-view, the recorded images are resized by 

2D interpolation.

Additionally, the time-integrated overview optical emis-

sion spectra of the discharge at various axial positions 

are obtained using a ixed grating spectrometer (Avantes 

AvaSpec-2048TEC-2) with 1.2 nm resolution. The geometry 

(optic ibre aperture, working distance) gives spatial resolu-

tion around 1 mm.

2.3. Phase-resolved schlieren photography

The schlieren photography was performed in the single mirror 

coniguration, as can be seen in igure 3. As a light source, 

high-power single chip blue light-emitting diode (LED) 

emitting predominantly at 465 nm was used, with a pinhole  

aperture placed into direct contact with the diode. In such way, 

the point light source of suficient brightness and uniformity 

was achieved. The light source was positioned at the axis of 

the spherical mirror, two focal lengths away from it, so that 

the focused point image is projected in the same plane as the 

light source. The razor edge, used to block the image, was 

positioned vertically. The camera capturing the deviated light 

Figure 2. Actual magnetron output power envelopes for three 
modulating frequencies. Although the modulating signal was sine in 
all cases, the resulting power envelope is for 1710 Hz distorted.

3 This notation shows the vibrational quantum number of upper (v′) and 

lower (v″) state, respectively, as ( ″′v v, ).
4 The argon states are labelled in Paschen’s notation.
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passing beyond the edge is the same ICCD camera as was 

used for optical diagnostics with the same triggering system. 

The discharge itself was placed into the close proximity of 

the mirror. The mirror thus did not form a real image of the 

discharge and the emission of the plasma appears at the ICCD 

camera only as a background noise. To minimize the amount 

of this diffused light from the plasma, a bandpass ilter was 

used. The ilter with central wavelength of 462.5 nm and 

FWHM of 5 nm was chosen, as most of the LED light could 

pass through, yet the discharge emitted only insigniicantly at 

this wavelength.

3. Results and discussions

3.1. Overview spectra

To identify the signiicant features in the emission spectrum 

of the discharge plume, the time-integrated overview spectra 

were recorded at various axial positions, see igure 4.

The lowermost spectrum is the emission from the dis-

charge tube interior, which should contain mainly the feed 

gas constituents, i.e. argon and water. At the discharge tube 

end, the mixing with ambient atmosphere starts, as evidenced 

by NH band. In the plasma plume, the nitrogen emissions are 

very strong while argon intensities are falling. In the after-

glow region the argon is de-excited and so the emission is 

dominated by long living excited species and products of their 

reactions.

For the following discussion, more detailed view (see 

igure 5) of important spectral regions is needed. Starting from 

the interior of the discharge tube, the dominant emission lines 

in the region between 700 and 850 nm, are those of argon and 

atomic oxygen. The argon lines are getting weaker with the 

distance from the surfatron cavity. The energy of the upper 

states of argon is around 13 eV and the lines appear due to the 

transition to lower states with energy around 11.5 eV. Two of 

these lower states are metastable with radiative lifetime in the 

order of seconds, see e.g. [48]. The argon metastables are well 

known to be very important carriers of energy in argon-con-

taining atmospheric pressure plasma jets [49]. It is reasonable 

to expect that their concentration would be relatively high,  

even though the emission spectra do not provide direct  

evidence. In comparable microwave plasma jets, the argon 

metastable concentration up to 1019 m−3 was reported [50, 51].

The atomic oxygen lines observed in this spectral region 

originate from upper states with energy around 11 eV. The lines 

of oxygen are almost as strong as those of argon and corresp-

onding Einstein emission coeficients are comparable (see 

table 1), which indicates similar populations of upper states of 

both atomic oxygen and argon. However, the total concentra-

tion of argon inside the discharge tube must exceed the total 

concentration of atomic oxygen by several orders of magni-

tude, even if all the water molecules are dissociated, since 

the water vapour content in the feed gas is only 2600 ppm. 

There are three important processes leading to excitation of 

atomic oxygen into the 3P and 5P states—(i) direct excitation 

by electron impact, (ii) a step-wise excitation by electrons via 

atomic oxygen metastables at 2 and 4 eV and (iii) col lisions  

with argon metastables. Excitation of the 13 eV argon states, 

on the other hand, arises predominantly due to electron  

col lisions, either from their ground state or via the metastable 

states at 11.5 eV. The excitation by electron impact favours 

atomic oxygen since its excited states, metastables or the radia-

tive states in question, have much lower energy. Clearly, the 

amount of electrons with energy of 2 or 4 eV greatly exceeds 

the amount of those with energy of 11 or 13 eV5. Particularly 

the D1 2 state of atomic oxygen has a large cross-section for 

electronic excitation [54]. As was suggested in [55], the 

chemical kinetics of argon plasma containing water vapour 

is overly complex. However, the processes described above 

could, in authors’ opinion, explain the observed experimental 

phenomena.

The emission of N2 ( →Π ΠC Bu g
3 3 ) and +N2  ( →Σ Σ

+ +B Xu g
2 2 )  

in the spectral region around 355 nm is the strongest in the 

discharge plume and is signiicantly reduced in the afterglow. 

The decrease of intensity of both systems at the discharge end 

is probably caused by a combination of two effects. First, part 

of the nitrogen molecules and molecular ions is dissociated 

or transformed to other species by chemical processes and 

second, the available energy could be insuficient to excite 

nitrogen molecules. It is interesting to note that NO emission 

is getting stronger further from the discharge tube end. The 

energy of the relevant vibronic states of NO is only around 

Figure 3. Schematic drawing of the phase-resolved schlieren photography set-up.

5  The excitation temperature calculated from Ar I emission lines, which is 

believed to be a lower limit for electron temperature, was previously found 

to be around 4000 K [42]. The electron density obtained from the Stark 

broadening of the βH  line using Gigosos relation [52] was measured to be in 

the order of 1014 cm−3 [53].
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5 eV, while the N2 ( ΠC 3
u) is around 11 eV [56]. So the energy 

insuficient for nitrogen molecule excitation is still suficient 

for NO excitation.

The OH( →Σ ΠA X2 2 ) emission at 307 nm is always 

present, as controlled small amount of water was added to 

the feed gas and water was also present in the ambient air. 

However, care must be taken when interpreting the signal of 

OH emission, because of substantially different quenching 

rates by the relevant gases. The lifetime of OH( Σ+A 2 ) in pure 

argon at atmospheric pressure almost equals its natural life-

time of approx. 700 ns [32, 57]. Even in argon with water 

vapour admixture of 2600 ppm(V) the lifetime of OH( Σ+A 2 ) 

is still several hundreds of ns. However, in pure air, its lifetime 

goes down to approx. 2 ns. The expected ratio of the emission 

intensities from the regions with mostly argon to the emission 

from regions with mostly air is thus in the order of 102 [32, 57].  

So, signiicantly reduced OH emission does not necessarily 

imply reduced OH concentration. This aspect will be part-

icularly important when discussing the spectrally iltered 

images later. At this wavelength, also nitrogen Π ΠC B3
u

3
g→  

emission is present, namely the bands (1,0) at 315.9 nm, (2,1) 

at 313.6 nm, (3,2) at 311.7 nm and (4,3) at 310.4 nm.

3.2. Spectrally iltered images

The time-integrated overview spectra taken at four fundamen-

tally different regions of the discharge provided a basic insight 

into the plasma chemistry, but could not reveal the details 

of spatial distribution of emission in particular modulation 

phases. For this, the ICCD camera and bandpass ilters had to 

be employed. Based on the overview spectra, the ive band-

pass ilters mentioned in section  2.2 were selected in order 

to visualize the plasma-chemical processes and also the gas 

dynamics in the jet plume, at least partially.

Figure 4. Time-integrated overview spectra at various axial positions of the discharge at modulation frequency of 1710 Hz. The coloured 
regions correspond to the used bandpass ilters listed in section 2.2. Note that the vertical scaling is different in the left and right parts of  
the plots.

Plasma Sources Sci. Technol. 25 (2016) 025018
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Figure 5. Details of time-integrated spectra in the bandpass-ilter regions. The transmittance of the bandpass ilters is depicted by the black 
line. Modulation frequency is 1710 Hz.

Table 1. List of atomic line parameters and properties of corresponding bandpass ilters at 780 nm and 845 nm.

Lower Level Upper Level

Ion
Wavelength 
(nm) Aki (s

−1) Ei (eV) Ek (eV) Conf. Term J Conf. Term J
Filter  
transmittance

Ar I 772.37 5.18  ×  06 11.548 13.153 3s23p5(2 °P3/2)4s 2[3/2]° 2 3s23p5(2 °P3/2)4p 2[3/2]° 1 10.87%

Ar I 772.42 1.17  ×  07 11.723 13.327 3s23p5(2 °P1/2)4s 2[1/2]° 0 3s23p5(2 °P1/2)4s 2[1/2]° 1 11.06%

O I 777.19 3.69  ×  07 9.146 10.740 2s22p3(4S°)3s 5S° 2 2s22p3(4S°)3p 5P 3 52.98%

O I 777.41 3.69  ×  07 9.146 10.740 2s22p3(4S°)3s 5S° 2 2s22p3(4S°)3p 5P 2 54.48%

O I 777.53 3.69  ×  07 9.146 10.740 2s22p3(4S°)3s 5S° 2 2s22p3(4S°)3p 5P 1 55.25%

Ar I 842.46 2.15  ×  07 11.623 13.094 3s23p5(2 °P3/2)4s 2[3/2]° 1 3s23p5(2 °P3/2)4p 2[3/2]° 2 3.24%

O I 844.62 3.22  ×  07 9.521 10.988 2s22p3(4S°)3s 3S° 1 2s22p3(4S°)3p 3P 0 66.31%

O I 844.63 3.22  ×  07 9.521 10.988 2s22p3(4S°)3s 3S° 1 2s22p3(4S°)3p 3P 2 66.59%

O I 844.67 3.22  ×  07 9.521 10.988 2s22p3(4S°)3s 3S° 1 2s22p3(4S°)3p 3P 1 67.61%

Ar I 852.14 1.39  ×  07 11.828 13.283 3s23p5(2 °P1/2)4s 2[1/2]° 1 3s23p5(2 °P1/2)4p 2[3/2]° 2 0.10%

Note: Einstein coeficients Aki, energies Ek and Ei of upper and lower levels, respectively, and other constants are taken from [56].

Plasma Sources Sci. Technol. 25 (2016) 025018
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A typical set of plasma jet images taken through the ive 

bandpass ilters is shown in igure 6. These images were taken 

during the rising part of the sine envelope of the power mod-

ulation at 900 Hz modulation frequency, as indicated in the 

rightmost plot.

The ilters with central wavelength of 780 and 845 nm 

transmit mostly the radiation of excited argon atoms, thus 

indicating the regions of nearly unperturbed plasma originally 

ignited in the feed gas. As seen in igure 6, the emission at 845 

and 780 nm takes place mainly in the discharge tube and in the 

lower part of the jet plume. Unfortunately, the oxygen atoms 

also emit in both spectral regions. The atomic oxygen is pre-

sent partly due to dissociation of the water vapour introduced 

into the feed gas, but also due to mixing of plasma with the 

ambient air.

The ilter centred at 307 nm transmits the emission of OH 

radicals and vibrationally excited N2 molecules. The transmit-

tance proile of the ilter clearly favours the higher vibrational 

levels of N2. Together with the quenching of OH mentioned 

above, this brings us to the following interpretation of the 

signal collected through the 307 nm ilter. This spontaneous 

plasma emission visualizes the regions where nitrogen mol-

ecules appear in small quantities with high excitation degree 

and high vibrational temperature and also where OH is readily 

formed and excited, presumably by dissociation of water by 

collisions with highly energetic electrons and argon metasta-

bles. In other words, this visualizes the region where ambient 

air comes to the irst contact with the highly energetic plasma 

plume. In igure 6, around 7 mm from the discharge tube end 

a sharp increase of emission at 307 nm appears. Its spatial dis-

tribution reveals a remarkable structure at this axial distance, 

which is presumably caused by a low perturbation and resem-

bles a toroidal vortex6. The vortex was moving upwards in time 

and reappearing at each modulation period in the rising slope 

of power. The temporal evolution of the emission at 307 nm 

in the efluent, showing the ascent of the vortex, can be seen 

in igure 7. The motion of the low perturbation and related 

phenomena will be discussed in more detail later. Emission at 

307 nm is also present in the whole active plasma, but since the 

feed gas contained only a small amount of water vapour, the 

OH emission in the discharge tube is relatively weak.

The ilter centred at 355 nm transmits mainly the emission 

of excited molecules of N2 and +N2 . This emission is a good 

indicator of strong admixture of ambient atmosphere into 

the active plasma, since no nitrogen was added into the feed 

gas. The emission of nitrogen molecule and molecular ion in 

igure 6 appears at the current position of the vortex but also 

behind it, i.e. at the places of previous vortex locations. This 

indicates very eficient mixing of the plasma plume with the 

surrounding air.

The ilter centred at 248 nm transmits mostly the emission 

of NO. In all observed cases, this emission appears further 

along the plasma plume—above the vortex—and indicates the 

chemistry induced by admixing the air into the active plasma.

The spontaneous emission patterns partly reveal the luid 

dynamics. It is observed that during the part of the modu-

lation period when the driving power is rising, a zone of 

enhanced mixing of the plasma plume and the surrounding 

air appears. It could be concluded, that the rapid expansion 

of the plasma plume, presumably accompanied by heating of 

the gas lowing through the discharge tube, leads to formation 

of a transient low perturbation, most likely a toroidal vortex. 

Inside the vortex, the surrounding air lows directly into the 

active plasma. As a result, the air constituents, together with 

the inherent water vapour, can be excited and dissociated, 

leading to the spontaneous emission patterns observed.

3.2.1. Processed streak-like images. The set of images in 

igure  6 was only the typical example of the instantaneous 

situation at given modulation phase. Similar image sets were 

recorded using variable trigger delay, effectively scanning 

Figure 6. Images of the surfatron plasma jet modulated at 900 Hz taken through pre-selected bandpass ilters with 200 shots averaging. 
Single shot exposure time was 10 µs. The images are in false colours and scaling is different for each image. The last panel depicts 
modulation of the measured microwave power with the black vertical line indicating the phase, at which the images were taken.

6  Most of our results suggest a presence of a vortex-like structure. The 

techniques used in this work, however, do not enable to conclusively prove 

a presence of a vortex. Nevertheless, for the sake of brevity, we sometimes 

refer to this low perturbation as a ‘vortex’ instead of a more appropriate 

‘zone of enhanced gas mixing’ further in the text.

Plasma Sources Sci. Technol. 25 (2016) 025018
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over the whole power modulation period, as shown in igure 7. 

To provide more concise insight, the data were processed into 

a streak-like images in the following way. Each image was 

integrated horizontally, resulting in a one-dimensional array, 

containing the information about the axial distribution of emis-

sion intensity. This was performed for each measured delay 

over the power modulation period and plotted as a streak-like 

image as illustrated in igure 8. The processed results may be 

found in igure 9, showing the spatio-temporal evolution of 

the relative emission intensity for each spectral ilter, at modu-

lation frequencies 90, 900 and 1710 Hz. For each frequency, 

the time scale was adjusted to show slightly more than one 

full period.

As stated above, the spectral vicinity of the argon and 

oxygen lines at the wavelength regions of the bandpass ilters 

centred at 780 nm and 845 nm does not allow to reliably distin-

guish the emission of oxygen and argon atoms. Nevertheless, 

as shown in igure 5, it seems reasonable to attribute most of 

the signal passing through the ilter centred at 845 nm to the 

oxygen atoms. In igure 9, a distant maximum of the emission 

at 845 nm can be observed at the end of the visible plasma 

plume, which spatially coincides with the emission of nitrogen 

molecules. This indicates that the admixture of air provides 

more oxygen molecules for dissociation and excitation by 

collisions with the active plasma constituents. Interestingly, 

the strongest signal is observed inside the discharge tube from 

the positions closest to the surfatron cavity, even though the 

amount of oxygen is expected to be signiicantly smaller com-

pared to the efluent. From the available data it is not possible 

to decide whether this is solely due to oxygen atoms emission, 

Figure 7. Temporal evolution of emission at 307 nm during a single period at 900 Hz power modulation. The image titles show the delay (in 
microseconds) of the ICCD camera trigger compared to the power modulating signal. The delays can be directly compared to those in igure 2.

Plasma Sources Sci. Technol. 25 (2016) 025018
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or if the argon emission is so strong that it compensates for the 

lower transmittance of the bandpass ilter.

The spatio-temporal pattern of the emission at 780 nm 

is quite similar to that at 845 nm. The lower and the upper 

maximum is present in both cases. However, in direct com-

parison, the pattern at 780 nm seems to be slightly latter. 

The oxygen emission at 777.4 nm originates in the state with 

energy 10.74 eV and that at 844.6 nm originates at 10.99 eV. 

These are indeed very close and the spatio-temporal patterns 

of both spectral emissions are expected to be very similar at 

both wavelengths. The energies of the respective argon upper 

states are even closer. What is expected to differ between 

845 nm and 780 nm spectral ranges is the ratio of argon to 

oxygen emission, favouring argon at 780 nm. Thus, it may be 

concluded that the axial proile of the argon emission is rather 

lat or at least falls monotonously towards the end of the vis-

ible discharge. Time integrated measurements of argon emis-

sion point rather to the latter. This would be also in accordance 

with the fact that the microwave power dissipation density is 

the highest in the vicinity of the surfatron launching gap, as 

was shown e.g. in [47, 58].

The emission at 307 nm depicts nicely most of the  

relevant features of the gas dynamics in the efluent. For mod-

ulations at 900 Hz and 1710 Hz, a vortex structure is formed. 

Due to the horizontal integration and the enhanced emission of 

N2, the vortex structure introduces a sharp maximum into the 

streak-like images, see igure 9. Note that the shown images 

are averaged over 200 shots. The formation and the location 

of the vortex is thus remarkably reproducible. The location 

of the maximum tracks the upwards movement of the vortex. 

It can be seen that the vortex is clearly observable during the 

part of the modulation period when the plasma efluent is 

elongating. After that, the rising vortex loses contact with the 

active plasma region and gradually fades as the excited spe-

cies are depleted.

The image for 90 Hz is though quite different from those 

of higher frequencies. The vortex maximum is not present for 

this frequency and the OH emission is distributed much more 

evenly through the whole length of the discharge. The OH 

emission might appear as generally stronger for this frequency, 

but it is only the outcome of smaller intensity range—see the 

colour scaling. The absence of the vortex for modulation fre-

quency of 90 Hz indicates that the modulation of the power 

at this frequency may not have been fast enough to create the 

low instability leading to the vortex formation.

For higher frequencies, the axial location of the sharp 

maximum at 307 nm, indicating the vortex, foreruns and par-

tially coincides with the emission of nitrogen molecule and 

molecular ion at 355 nm. The vortex enhances the mixing of 

the cooling air layer and possibly also the ambient air with 

the active plasma. Figure  9 suggests that in case of 90 Hz 

modulation (which corresponds to 11.1 ms period) N2 and +N2  

bands appears in the plasma plume as result of outer gas dif-

fusion. For higher frequencies of 900 and 1710 Hz (1.1 and 

0.6 ms respective periods) due to the short modulation period 

the vortex mixing appears as main mechanism of species 

exchange [59] between feed and cooling gas as gas diffusion 

is insuficient.

The emission of NO appears above the vortex, i.e. down-

stream. As the appearance of NO emission is accompanied by 

the disappearance of the OH emission and decrease of emis-

sion of N2 and +N2 , it might be tempting to interpret this as a 

chemical reaction converting nitrogen and OH to NO. Such 

reaction was described in the reference [60] as existing but 

extremely slow. The disappearance of OH emission is caused 

rather by the quenching of OH( Σ+A 2 ) by admixed air, as 

discussed above. The reduced emission of nitrogen cannot 

be explained solely by quenching. For example, the rate of 

quenching of ( )Σ+ +BN u2
2  by air constituents is in the same 

order as the rate of quenching by argon [61]. Nevertheless, 

it is reasonable to assume that the rapid admixing of ambient 

air leads to rapid decrease of the electron and excitation 

temperatures. This would certainly suppress the emission of 

ions and neutrals with highly energetic upper state such as 

( )ΠCN2
3

u . As discussed above, the excitation energy of NO 

is much lower and the emission still appears readily above the 

vortex. This gives us a clue about the excitation temperature 

above the vortex. Even after admixing cool ambient air, the 

plasma contains enough energy to excite 5 eV states.

Interestingly, the NO emission intensity is not signiicantly 

weaker for the 90 Hz modulation, where no vortex forma-

tion was observed. From the available data, it is impossible 

to decide if this is due to the fact that the total amount of 

Figure 8. Illustration of the data processing described in 
section 3.2.1. The upper images are transformed into vertical lines 
by integration along the horizontal axis.
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Figure 9. Streak-like depiction of evolution of laterally integrated emission intensity during modulation period for the ive spectral regions. 
The discharge tube end is indicated by a white horizontal line at axial position of 0 mm. The argon low rate in all cases was 1.0 slm. The 
modulation frequency was (a) 90 Hz, (b) 900 Hz and (c) 1710 Hz.

Figure 10. Single-shot schlieren images of the plasma plume at modulation frequency of 900 Hz for various modulation phases. The 
exposure time was 4 µs. No underlying structure is visible due to highly stochastic character.
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NO is not signiicantly affected by the vortex formation, or 

rather that the temperature drop due to the vortex compensates 

for enhanced NO production, leading to weaker excitation 

degree. Although the authors are inclined rather to the latter 

explanation, temporally and spatially resolved thermometry 

and absorption or laser-induced luorescence measurement of 

NO density would be necessary to validate this hypothesis.

3.3. Phase-resolved schlieren images of the plasma plume

Even though the spatio-temporal patterns of the spontaneous 

plasma emission strongly suggest that a transient vortex is 

formed, the luid dynamics should be examined with a more 

straightforward method. The schlieren photography was 

selected as it is highly sensitive, easy to carry out and well 

respected in gas low studies [21, 26, 29, 62]. The irst single-

shot images revealed the chaotic behaviour of the interface 

between the hot and lowing cooling air (encompassing the 

plasma plume) and the static cold ambient air, see igure 10. 

Unfortunately, the stochastically varying refractive index gra-

dients at this interface were suficient to hide any eventual 

low structures on the interface between the cooling air and 

the plasma plume.

Taking a series of images averaged over 100 periods of the 

power modulation helped to suppress the chaotic effects on 

the outer interface and to highlight the reproducible low pat-

terns on the inner interface, see igure 11. The blurring is an 

unavoidable consequence of the temporal averaging. Note that 

the spontaneous plasma emission is not present in the images 

due to arrangement of the imaging optics and the use of the 

interference ilter as described in section  2. The schlieren 

contrast patterns spatially and temporally coincide with the  

patterns of the spontaneous plasma emission (comp. igures 11 

and 7) and further support the transient vortex hypothesis. 

It also appears that the vortex moves further upwards when 

it loses contact with the active plasma region, as could have 

been expected but could not be observed in the spontaneous 

emission images.

Figure 11. Schlieren images averaged over 100 periods of the discharge power modulation. The exposure time was 100  × 4 µs. The power 
modulation curve is depicted above, the delays of the individual images are shown by the vertical lines.

Figure 12. The speed of the upwards vortex motion as a function 
of the modulation frequency for two sine modulation envelope 
power ranges: (i) black squares—min  =  165 W, max  =  315 W, 
difference  =  150 W; (ii) red circles—min  =  155 W, max  =  375 W, 
difference  =  220 W.
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It should be emphasised that the mechanism behind the 

eventual vortex formation is still unclear and it would require 

further studies to fully explain the gas dynamics in the efluent. 

This, however, is beyond the scope of this work.

3.4. Inluence of experimental parameters on vortex formation 

and propagation

Further attention has been paid to the analysis of the vortex, 

which is presumably the most important feature discovered 

by the performed imaging, as it signiicantly inluences the 

plasma chemistry in the efluent. To study the vortex, several 

experimental parameters (modulation frequency, feed gas 

low rate, modulation envelope) were varied and the discharge 

was observed through the bandpass ilter at 307 nm, as vortex-

like structure is the most noticeable on the spatial patterns of 

this emission.

3.4.1. Modulation frequency. As already said, the vortex 

has been observed for higher modulation frequencies, but 

not for the 90 Hz frequency. No matter if it is due to the too 

slow change in power or due to insuficiently rapid plasma 

elongation, the modulation frequency clearly is an important 

parameter for the vortex formation. However, no sharp lower 

boundary, or minimum modulation frequency at which the 

vortex would be formed, was found. For low frequencies, the 

presence or absence of the vortex were rather occasional—it 

was formed only at the fraction of periods. Also, it was not 

quite spatially stable and was of low intensity. Such unstable 

vortex is not observable in averaged images and can only be 

noticed at single shot images. As the modulation frequency 

increased, the formation of the vortex became gradually more 

and more regular.

The slew rate dP/dt, i.e. the change in instantaneous power 

per time interval is probably the key parameter determined by 

the modulation frequency. When the modulation frequency is 

increased, the sine modulation envelope at ixed power settings 

gets steeper and the corresponding change in power happens 

in shorter time. The other way of controlling the power change 

per time is to adjust the power settings at given modulation 

frequency. In all previous measurements, the instantaneous 

power oscillated between 165 W in minimum and 315 W in 

maximum—the minimum to maximum power difference was 

150 W. For the next experiment, this power difference was 

Figure 13. Comparison of emission at 307 nm for low rates of  
0.5 slm, 1 slm and 2 slm, from top to bottom, respectively.

Table 2. The speed of vortex motion in metres per second.

900 Hz 1710 Hz
Expected 
low speed

0.5 slm 19 33 22

1.0 slm 24 44 44

2.0 slm N/A 53 88

Note: The vortex was not suficiently reproducible for 900 Hz modulation 

and 2.0 slm low.

Figure 14. Streak-like image for power modulation at 1710 Hz and 
reduced feed gas low rate of 0.5 slm.
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increased to 220 W, with 155 W in minimum and 375 W in 

maximum. The observation of the vortex formation at these 

altered conditions proved that the same relative regularity and 

stability of the vortex was observed at lower modulation fre-

quencies than in the previous case.

For further comparison of the two modulation amplitude 

cases, the speed of the vortex upwards motion was calculated. 

From the results in igure  12 it can be seen that the vortex 

speed depends linearly on the modulation frequency for both 

modulation amplitudes. If the speed of the vortex had been 

determined predominantly by the power change per time, the 

slope of the trend would have been higher for higher power 

difference. However, the trends diverge only insigniicantly, 

which is rather unexpected.

3.4.2. Feed gas low rate. Another parameter that intui-

tively should be inluencing the speed of the vortex, is the 

feed gas low rate. To investigate this, the measurements were 

performed for the ‘normal’ sine modulation (165 W–315 W) 

at argon low rates of 0.5 slm and 2 slm, i.e. one half and 

twice of the original value of 1 slm. The discharge images 

of the emission at 307 nm for the three gas low rates at the 

same modulation phase can be seen in igure 13. The speeds 

of the vortex ascents, under the well justiied assumption of 

entirely linear motion, are listed in table 2. For comparison, 

the expected speed of the argon low in the discharge tube 

is also given, assuming idealized case with constant temper-

ature of 2500 K. This value is based on the measurement of 

rotational temperature of the OH radical. This temperature, 

often expected to be identical with the temperature of the 

neutral gas, was found to vary with the phase, but not signii-

cantly [43].

The fact that the vortex upwards speed perfectly matches 

the speed of the actively radiating plasma elongation during 

the rise of the modulated microwave power should not be 

surprising, since the plasma emission patterns are governed 

by the gas mixing as discussed above. The speeds given in 

table 2 suggest that the the gas low rate is not the main factor 

affecting the speed of the vortex ascent.

The streak-like image for the lowest feed gas low rate 

of 0.5 slm and highest modulation frequency of 1710 Hz 

revealed another interesting feature, see igure 14. The sharp 

maximum of OH emission moves inside the discharge tube 

for the part of the modulation period with the lowest power. 

As veriied by the nitrogen emission (not shown for brevity), 

this is caused by introduction of the ambient air into the dis-

charge tube. The cooling of the discharge caused by the lack 

of microwave power was rapid enough to temporarily reverse 

the gas low. This veriies the speculation about the negative 

low velocity in [42].

Figure 15. Single shot images of the discharge through 307 nm ilter (OH emission) revealing the evolution of the efluent at the falling 
edge of the rectangular power modulation envelope (60 Hz modulation frequency). The images (a–f) show the plasma emission in different 
phases, see the upper image for time reference.
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3.4.3. Modulation envelope. When the modulation envelope 

was changed from sine to rectangular, a low reversal was 

observed, too. Rectangular envelope dictates very fast power 

transitions. In idealized case instantaneous, while in real world 

the slew rate is limited by the equipment imperfections. From 

oscilloscopic measurements the slope of power change with 

time when using 60 Hz rectangular modulation corresponds to 

a maximum slope achieved with sine modulation frequency of 

approx. 2700 Hz. The power absorbed in the discharge is not 

determined only by the incident power coming from the micro-

wave generator, but also by the instantaneous plasma proper-

ties. These properties (shape, electron density, temperatures, 

etc) inluence the plasma impedance. The change of the plasma 

properties can be signiicantly delayed and/or distorted with 

respect to the modulated power output of the generator.

Nevertheless, the rectangular envelope offers very fast 

power changes and it is then not surprising that the vortex 

formation at the power rising edge was detected for all rectan-

gular modulation frequencies. Just like for the sine modula-

tion, the vortex was not formed at falling edge of modulation. 

Instead, more complex effect was observed (see igure  15). 

After the drop of the instantaneous power, the plasma began 

to shrink rapidly, see igure 15(b). For most of the constant 

lower part of the rectangular envelope the efluent length 

was ixed at certain value l, see igure  15(f ). However, for 

few moments just after the sharp decrease of power, its length 

reached even shorter minimum <′l l, (igures 15(b) and 

(c)), followed closely by the fast expansion to the length l  

(igure 15(d)). This behaviour is probably caused by the local 

pressure decrease after rapid cooling of gas and enhanced fur-

ther by the undesired and unintended, though extremely short 

break in generator output power. In some cases it was accom-

panied by a reverse low, i.e. suction of the air into the dis-

charge tube observed as OH emission maximum inside (igure 

15(b)), (just like in igure 14) and the consequent expansion 

also gave a rise to a vortex, visible in igure 15(d).

4. Conclusion

The spectrally and temporally resolved imaging of power 

modulated microwave surfatron plasma jet operated at atmo-

spheric pressure argon was performed. The obtained image 

series enabled qualitative analysis of the plasma-chemical 

processes in the efluent.

For higher modulation frequencies a formation of highly 

reproducible transient low perturbation resembling a vortex 

was observed. This perturbation was observed on the plasma 

emission spatial patterns as well as on the schlieren images. 

The vortex was moving upwards, in the low direction, but 

with a speed different from the expected gas low speed. 

Furthermore, the speed of the vortex ascent was found to 

depend only weakly on the low rate of the feed gas. On the 

other hand, the vortex speed changed proportionally to the fre-

quency of the sine power modulation. Further detailed studies 

are needed to explain this behaviour.

The presence of the low perturbation strongly inluences 

the plasma-chemical and low processes in the efluent. It 

also leads to effective broadening of the active plasma region, 

resulting in better homogeneity in a wider cross-sectional 

area. This feature may be advantageously utilized for optim-

isation of the plasma jet for desired applications.

The gas dynamics was found to be very strongly inlu-

enced by thermal effects of the power-modulated discharge. 

At certain conditions a local low reversal leading to suction of 

ambient atmosphere into the discharge tube end was observed.
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