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PREFACE 
 
This book is a result of the X International Workshop on “Microwave Discharges: Fundamentals 
and Applications” which was held in September 3-7, 2018 in Zvenigorod, Russia.  

Physics of microwave discharges is the intensively developed area of plasma physics. This 
interest is caused by two main reasons. From one side it is initiated by principal fundamental 
problems that are integrated in one object: the problems of electrodynamics of microwaves in the 
plasma with strongly coupled physical and chemical phenomena in gas phase and heterogeneous 
systems. From other side it is initiated by promising applications, part of which have already 
realized but main part are still waiting for their technical solution 

The main purposes of the Workshop were discussing of recent achievements in the study 
and application of microwave plasma, searching the directions for future investigations, and 
promotion of close relationship between scientists from different countries. Topics of the 
Workshop cover wide range of problems in theory, experiments, and applications of microwave 
discharges and yield the state-of-the-art and trends in discharge theory, modeling, and 
diagnostics, methods of microwave plasma generation, high and low pressure microwave 
discharges, continuous wave and pulsed microwave discharges, interaction of microwaves with a 
plasma, applications of microwave plasma. All these topics are contained in many of papers and 
therefore they are difficult to attribute unambiguously to one of the sections. Therefore, in this 
book they are grouped by presentation status: plenary, invited, topical papers, and posters. 

We hope that this book will be useful for scientists and engineers involved in the study of 
low temperature plasma physics and plasma application. 
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SELF-ORGANIZATION IN MICROWAVE FILAMENTARY DISCHARGES 
 
 
V. Kudrle, M. Snirer, J. Toman, O. Jašek, J. Jurmanová, L. Potočňáková, J. Hnilica 
 
Masaryk University, Kotlarska 267/2, CZ-61137 Brno, Czech Republic 
 
 
 

Abstract. In this work we present an overview of common instabilities in medium and atmospheric pressure 
microwave discharges and their influence on applications of such plasma sources. To demonstrate a general validity 
of the results, three different types of plasma excitation were chosen – surfatron, surfaguide and microwave plasma 
torch. 

 
 
 
1. INTRODUCTION  
 
Microwave (MW) discharges can operate under wide-range of experimental conditions leading to variety 
of applications from plasma surface modification, thin film deposition to production of various 
nanomaterials [1]. Generally, stable and repeatable functioning is required and so the understanding of 
processes, which can lead to sudden changes in important plasma parameters, is needed. 

In this work we investigated various aspects of self-organisation in microwave discharges at medium 
and atmospheric pressure, which were excited by travelling electromagnetic wave. To demonstrate a 
general validity of the results, three common types of microwave discharges were used – surfatron and 
surfaguide launchers [2] and microwave plasma torch [3]. Atmospheric pressure plasma columns are 
often radially constricted [2, 4], forming one or multiple bright filaments depending on the external 
conditions, such as input power, flow rates or reactor dimensions. These filaments have often a random 
spatial and temporal locations. However, in specific cases there are collective regimes in which the 
filaments are spatially and temporary self-organized at large scales [5], usually axially oriented and wall-
stabilized.  

The filaments can be stationary or transient (revolving), helically twisted, creating different operational 
modes [6]. Similarity with different types of discharges was shown for example for RF plasma jet [7, 8]. 
Some conditions can lead to stratification of the filaments. There were observed striations and spherical 
nonuniformities in atmospheric argon micro discharges [9], stationary striations in SW produced plasma 
columns of Ar [10] or as a droplet striations formed in MW Ar atmospheric pressure jets [11].  

Instabilities in form of filaments or striations are usually considered as a demonstration of the self-
organization in the system. It is caused by combination of many factors as e.g. electromagnetic forces, 
thermal gradients or gas flows.      
 
 
2. EXPERIMENTAL 
 
In this paper three different experimental set-ups for the microwave discharge excitation were used (Fig. 
1). All of them are of quite standard arrangement. The microwave power was generated by 2450 MHz 
magnetron, which was protected by ferrite circulator, both of them water-cooled. Directional coupler with 
calibrated diode detectors and impedance matching unit were used to minimise the reflected power. The 
microwave line used standard WR340 waveguide. Typical operating power was in the range of several 
hundred Watts. 

The gas line was also standard – argon (99.998% purity) from pressure bottle went through pressure 
reducing valve and mass flow controller (Bronkhorst). While most of the gas line is made of stainless 
steel, the last meter or two are of polyethylene tubing, which greatly simplifies manipulation. 
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2.1. Experimental set-up: Surfatron. Microwave plasma was excited in commercial surfatron launcher 
Sairem 80 with integrated matching, inside vertically oriented fused silica discharge tube (6 mm 
inner/8 mm outer diameter). The microwave power was supplied from the waveguide line to the surfatron 
by a high power coaxial cable. This limited the maximum power to 300 W. The argon flow was in 200-
500 sccm (standard cubic centimetre per minute) range. 

 
2.2. Experimental set-up: Surfaguide. In this set-up the waveguide line was connected to commercial 
Sairem surfaguide [1] and terminated by movable short. Plasma was sustained in fused silica discharge 
tube (20 mm external and 16 mm internal diameter) placed vertically in the surfaguide. Typical operating 
microwave power was in 350–550 range. 

Argon was used as a main working gas with flow rates varying in range 1000–1400 sccm. For intended 
application – plasma synthesis of graphene – an ethanol precursor [12] was added, too. It was done using 
auxiliary argon flow (28–84 sccm) passing through ethanol filled bubbler. The main gas line and ethanol 
vapours carrying auxiliary line were mixed before entering the discharge tube from below. For reduced 
pressure experiments, the system was continuously pumped by rotary vane oil pump (p<10 kPa) or dry 
diaphragm pump (10 kPa<p<40 kPa). The experiments were carried out also at the atmospheric pressure, 
i.e. without any pumping. 

 
2.3. Experimental set-up: MW torch. The common microwave line (see above) ended with a 
waveguide-to-rigid coaxial transition, able to operate at substantially higher power levels than flexible 
coaxial cable. Its central conductor (diameter 6 mm) was hollow which enabled passing of the gas lines 
and ended in exchangeable carbon or stainless steel nozzle. The central (axial) channel (0.8 mm diameter) 
was used for argon (360−920 sccm). For graphene synthesis, a secondary channel (annulus with outer 
radius 8.4 mm and inner radius 7.7 mm) was used for introduction of ethanol containing gas mixture. 
Ethanol was vaporised in bubbler by the carrying gas (argon, 500−1400 sccm). The flow of the carrying 
gas controlled the amount of ethanol in 2−25 sccm range. Plasma reactor consists of fused silica tube (80 
mm diameter, 200 mm long) terminated by duralumin flange. 

 

Figure 1. Experimental set-up: A − MW torch, B − surfatron, C − surfaguide. 

 
2.4. Plasma diagnostics. Optical emission spectroscopy and colour imaging was carried out. Digital 
camera Nikon D5200 was used with Sigma 105 mm macro lens.  

 
2.5. Sample analysis. Synthesized carbon nanopowder was collected from the reactor wall, on the 
Si/SiO2 (92 nm) substrates fixed in the holder, or from microfibre filter in the gas flow downstream from 
the plasma reactor. 

Raman spectroscopy was carried out using HORIBA LabRAM HR Evolution system with 532 nm 
laser, using 100x objective and 25% ND filter in the range from 1000 to 3200 cm-1. Samples were imaged 
with TESCAN MIRA3 scanning electron microscope (SEM) with Schottky field emission electron gun 
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equipped with secondary electron (SE) and back-scattered electron (BSE) detectors as well as 
characteristic X-ray detector Oxford Instruments EDX analyser. 
 
 
3. RESULTS AND DISCUSSION 
 
Generally, a system at equilibrium may be disturbed by small perturbative forces acting on it. The 
instability or stability of the system then describes whether the perturbations will grow or be damped. In 
context of plasma physics, the most easily observable instabilities are those with changes in spatial 
homogeneity of the plasma. Probably the most famous instabilities are those in the fusion plasma 
research, where various types of plasma instabilities effectively limit [13] the lifetime of plasma and so 
negatively affect the Lawson criterion. Low temperature plasmas exhibit various types of instabilities, 
too. 

Atmospheric pressure discharges in general exhibit a tendency to strong radial contraction, i.e. not 
filling entire cross-section available to them but forming a relatively thin and dense plasma channel. The 
main underlying cause is a localised heating of the neutral gas in the filament which increases the 
common plasma scaling parameter E/N and by consequence, the ionisation rate. The effect is easily 
observed in many types of atmospheric discharges – DC, RF, DBD, MW, lightning, etc. The diffusion 
(which is pressure dependent) counteracts this and thus at low pressure the discharges are mostly 
diffusive but high pressure discharges are filamentary. 

 

 

 

 

 

 

 

Figure 2. Sideview and top view (in different scales) of atmospheric pressure plasma excited by surfatron. 

The length and diameter of the filament depends on the experimental conditions, i.e. pressure, working 
gas composition and flow, and most of all, the input power. When the input power is sufficiently high, 
multiple filaments can be formed (Fig. 2). The number of filaments and their spatial distribution are the 
result of quite complex interplay between electromagnetic, thermal, chemical, flow and plasma 
phenomena. While multiple filament theories certainly do exist, e.g. [14, 15], they consider only a part of 
the whole problem. As they mostly deal with steady state solutions, they cannot answer the detailed 
questions about switching between various filament numbers or spatial patterns. 

It is interesting to note, that self-organised patterns can be not only fully stable, but also dynamically 
stable, e.g. the whole patterns rotate. This was observed in [5] for both RF (Fig. 3a, b) and microwave 
atmospheric pressure jets (Fig. 3c, d) and explained in [5, 7]. It was found [6] that main controlling 
parameters are the gas flow and the input power. Figure 4 shows regular alternating stripes of stationary 
modes (SM) and locked (i.e. rotating) modes LM with number indicating number of filaments. 
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Figure 3. Stationary and rotating modes in RF and microwave atmospheric pressure plasma jets. Published in [5]. 

Figure 4. Mode diagram for argon plasma in surfatron, for varying power and flow rate. Published in [6]. 
 

 

Figure 5. Typical influence of the MW power on filamentation in MW torch (left) and derived 
data - number of filaments as a function of input power (right). 
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Figure 6. Total length of the filaments (left) and total diameter (right) dependence on input MW power. 

Filamentation was observed in atmospheric MW plasma torch, too. Typically, one bright filament was 
formed with fast oscillating tip. Use of graphite nozzle electrode offered a new operational mode forming 
one or multiple stationary filaments growing from the surface of the nozzle. The influence of the 
electrode material can be explained by (i) bulk properties − relatively high resistivity of carbon in 

comparison with iron, leading to current limitation in one filament and natural 
division to multiple filaments, (ii) difference in surface chemical properties – 
formation or non-formation of thin oxide layer or (iii) difference in surface electric 
properties, mainly different work function. The number of filaments was power 
dependent as is shown in Fig. 5. Gas flow had to be in range 200−600 sccm to 
remain in stationary regime. Second filament is created by slow separation from the 
first one, growing in size with input power to match with the original. According to 
[16] each of these filaments is probably sustained by surface wave propagating 
along. Digital imaging with computer post-processing makes an investigation of the 
length and the diameter of filaments quite straightforward. In the case of one 
filament, length was growing linearly with power but after the second filament 
appearance, the total filament length (the sum of individual filament lengths) 
decreased while the total diameter (a sum of individual diameters) was still growing 
as is shown in Fig. 6. 

Besides the interaction between the filaments there are also perturbative effects 
which exerts the filament on itself. This is direct analogy to plasma stratification 
known from low pressure DC discharges. Recent works [5] studied this effect in 

atmospheric pressure RF jets both experimentally and by modelling. We observed this phenomenon in 
MW discharge, see Fig. 7. Striated filament appears as pearls on string. The phenomenon is rather 
unstable due to high sensitivity to any perturbation, so the spatially resolved diagnostics was not carried 
out yet. 

 
3.1. Plasma synthesis of graphene nanosheets. Unique properties of graphene prompted rapid 
development of many methods of its preparation. Plasma synthesis in microwave plasma using ethanol as 
a precursor was reported in [12, 17]. In the present paper the influence of experimental conditions on 
plasma synthesis of graphene was investigated, using microwave plasma torch. The varied parameters 
were input microwave power (P = 140−350 W), argon flow rate in central channel (QC = 60−780 sccm) 
and argon flow rate through the bubbler and the secondary channel (QS = 300−1400 sccm). During the 
deposition, visual observation and digital imaging of the plasma were carried out, while after the 
deposition, the nanopowder samples were collected and analysed by SEM and Raman spectroscopy. 

It was found that both flow rates had significant influence on discharge stability, where a gradual 
transition from laminar to turbulent mode with increasing flow rates was well observable (see Fig. 8-1A 
and 8-2A). However, the quality of synthesized nanosheets was mainly influenced by the microwave 
power. 

Figure 7. 
Longitudinal 
striation of 

plasma filament 
in surfaguide. 
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The SEM analysis of nanopowders by secondary electrons (SE) showed, in dependence on deposition 
conditions, presence of amorphous carbon nanostructures and well graphitized graphene nanosheets. 
Prepared nanosheets had rectangular shape with lateral dimensions of several hundred of nanometres. The 
thickness of the individual sheets was below 2 nm. 

Raman spectroscopy was carried out as a key analysis [18, 19] and evaluated by changes in shape (full 
width at half maximum value (FWHM) of Lorentzian profile) and integrated intensity of D (~ 1300 cm-1) 
and 2D (~2690 cm-1) peaks normalized to the G (~ 1580 cm-1) peak, in the same manner as was done in 
our paper [20]. 

Figure 8 combines digital plasma imaging with material analyses (SEM and Raman) for two different 
central channel flow rates QC = 500 and 780 sccm, auxiliary channel flow rate being constant at 
700 sccm. For lower QC, the plasma appears to be laminar. Plasma is excited mainly in the central pure 
argon and the energy is gradually transferred from the excited Ar to surrounding Ar+ethanol mixture. The 
main interaction (e.g. dissociation of ethanol and excitation of its fragments) takes place at the laminar 
boundary layer between the two flows. Immediately, carbon clusters/nanoparticles are formed, as 
evidenced by orange glow of Planck blackbody radiation. 

Increasing the central gas flow rate, the shear between two flows (flow speeds 25.9 and 0.32 m/s) 
becomes too high and whole plasma becomes turbulent. Mixing of gases is greatly enhanced. Higher 
velocity also affects the residence time of the dissociated hydrocarbon precursor in discharge region. 
Consequently, the typical orange glow region (nanoparticle formation zone) is smaller and less intensive 
which results in reduction of the amount of synthesized nanomaterial. 

The quality of graphene nanosheets is slightly changed, too. This can be described in terms of Raman 
spectra. Figure 8-1B represents Raman measurements of a sample deposited under laminar flow 
conditions. Relatively high 2D/G peak intensity ratio indicates growth of few-layer graphene nanosheets. 
As the D peak corresponds to defectivity or disorder, its low intensity and FWHM suggests good 
graphitisation and low amount of defects. With higher central channel flows turbulent regime develops, 
affecting the graphene nanosheet growth. Figure 8-2B shows lower 2D/G ratio and much broader and 
higher D peak meaning much disordered graphene [18] with higher number of atomic layers. SEM 
imaging in Fig. 8-1C and 8-2C corresponds well with the Raman spectra analysis. 

 

 

Figure 8. Comparison of stationary and turbulent regime. A − photography of plasma flame, B 
− Raman spectrum, C − SEM image of graphene.  
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4. CONCLUSIONS 
 
The instabilities and self-organization in microwave discharges at medium and atmospheric pressure can 
profoundly influence spatial distribution of ionisation and excitation rates, and by consequence also the 
plasmachemical reactions. The most common instabilities in microwave filamentary plasma were 
demonstrated. Effects of microwave power and fluid dynamics on the quality of plasma synthesised 
graphene nanosheets were discussed, too. 
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Abstract. The power interruption (PI) technique is based on a sudden disturbance of the Steady State (SS) by 
dropping the plasma driving power (PI) to zero, after which the plasma is re-ignited (RI). The sequence of PI and RI 
generates various equilibrium disturbing and restoring mechanisms and insight in phenomena can be obtained by 
following the responses to PI and RI. Of special importance is the response of the electron gas, which can be studied 
via optical emission spectrometry OES or, better, Thomson scattering (TS). In the past, the method was applied 
using OES to plasmas with high electron densities, ne. These experiments were mainly devoted to find the decay rate 
of ne just after PI and to determine the inequality of the temperatures of the electrons Te and the heavy particles Tg. 
However, by comparing the PI results with other methods it was found that Te

*, the electron temperature during the 
power-off period, is substantially higher than the gas temperature; Te*>Tg. Thus, Tg cannot be determined with this 
method. And since the electric field is absent, there must be a certain mechanism post-heating the electrons! TS 
during PI has the advantage that it can also be applied to low-ne plasmas. Performed on microwave discharges it was 
found that the post-heating present in high pressure is absent in low pressure pure Ar plasmas. However, if small 
percentages of N2 or CO2 are added to low-pressure Ar plasmas it pops up again! This points to the relation between 
post-heating and the dissociation of molecules of CO2 and N2 in power pulsed plasmas.  
 
 
 

1. INTRODUCTION  
 
The power interruption (PI) technique is a ‘powerful’ experimental method that gives insight in plasma 
phenomena and time-scales. It is a global intervention technique that changes the main plasma parameters 
such as the electron density ne and temperature Te. These changes of the electron gas {e} are manifest in 
the behavior of plasma light. So by applying Optical Emission Spectroscopy (OES) insight can be 
obtained in the gas of free electrons {e}. However, in order to get a proper understanding it is better to 
apply Thomson scattering (TS) during PI.  

The PI technique was often applied to get insight in transport phenomena and the related departures 
from equilibrium [1−6]. The first one can be obtained by the study of the decay of the electron density 
just after power switch-off as given by τoff(ne), while the departure of equilibrium is among others 
reflected in the inequality of the electron and heavy particle temperature (Te ≠ Tg). To determine these 
temperatures PI was often chosen as an adequate technique. Moreover, the method of the OES 
observation of PI plasmas seems easy and elegant, as there is no need for intensity calibration, nor optical 
transition probabilities. However, by comparing the PI results with those of other methods it was found 
that, Te

*, the electron temperature during the power-off period, is substantially higher than the gas 
temperature Tg. Thus, after PI the electrons remain hot and since the electric field is absent there must be 
a certain post-heating mechanism! The first PI experiments on plasmas were done on plasmas generated 
in high power DC arcs and Inductively Coupled Plasmas (ICPs). However, more insight is gained by 
applying PI experiments to microwave discharges as generated in surface-wave induced plasmas (SIP). 
The operational conditions of these plasmas can be determined more precisely and the plasmas are better 
assessable for Thomson scattering.   

The plasma PI technique has many aspects and we cannot give a complete review here. So, a selection 
was made that leads to the following organization of the paper:  

In Section 2 we will study power interrupted (PI) plasmas using OES; briefly denoted by OES@PI. 
Two types of plasmas will be considered: namely the ‘spectroscopical’ Inductively Coupled Plasmas 
(ICP) and the surface-wave induced plasma (SIP), both operated in argon under atmospheric conditions. 
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The ne-value of these plasmas is rather high so that the densities of the excited Ar levels are (mainly) 
determined by Saha balances. This implies that OES can be used, not only to obtain the decay time of the 
electron density, but also to get the temperature of the electrons before (Te)  and just after (Te

*) the PI. 
Section 3 will be devoted to PI of plasmas studied with TS; briefly TS@PI, Here we start again with the 
atmospheric ICP. Apart from Te, Te

* and τoff(ne) we can also determine ne in absolute value. Moreover 
with TS we can measure Te, Te

* and ne (and thus τoff(ne)) time and spatially resolved. It is found that in the 
plasma skin, the region of energy coupling, the ne -decay is extra large while Te

*, the electron temperature 
just after power switch-off, is substantially higher than the gas temperature Tg. An important post heating 
mechanism must be in action! After that, we will deal in 3.2 with PI applied to low pressure SIP operated 
in pure Ar and in 3.3 in Ar with small additions of molecules. It is suggested that the role of molecules 
and especially the vibrational excitation is very important. This is the topic of Section 4 where we address 
the role of anharmonicity. We conclude with Section 5.  
 
 
2. OES@PI 
 
The PI experiments performed on DC arc plasmas [1, 2] in the 1960s were followed in the 1980s by PI 
studies on inductively coupled plasmas (ICPs) [3−5]. All these plasmas [1−5] have relatively high ne-
values so that the excited states are mainly oriented to the continuum, the reservoir of free electron {e}, 
and thus ruled by the Saha balance of ionization and two electron (2e-) recombination. This implies that 
the time evolution of line emission gives insight in the evolution of {e} during PI. Using OES makes it 
possible to determine the value of Te at SS and Te

*, the value just after PI, together with the decay time of 
the electron density τoff(ne). In short: OES@PI gives Te, Te

* and τoff(ne). The first two (could) give the 
departure from thermal equilibrium, the latter, gives insight in plasma transport phenomena.  

 
2.1. OES@PI for the ICP. The ICP used for spectro-chemical analysis is an atmospheric plasma created 
in a argon flow in open air. The supplied power of typically 1.2 kW and a flow rate of 12 slm lead to 
electron densities and temperatures in the order of ne = 1021 m-3 and Te = 8 kK (~0.7 eV); the radial size of 
the plasma is around 9 mm. Figure 1 (cf. Fig. 2.5 in [5]) gives the behavior of the Ar lines in response to 
the PI for a power-off time of τoff(P) = 100µs. The intensities in Fig. 1 are scaled to their corresponding 
maximum values.  

The time-behavior shows four features; labeled by F1−F4 (cf. Fig.1):  
F1) at switch-off (PI) all these lines jump-up in intensity within a few µs,  
F2) after that all the lines decay, with the same time-constant of about 80 µs,  
F3) the re-ignition (RI) at about 100µs, is accompanied by a sharp decrease in intensities,  
F4) after which there is a slow increase towards the value of the intensity before the PI.  

Anticipating on next pages and referring to [1−6] we find the following underlying plasma changes:  
P1) Cooling Te ↓ Te

*; the Te rapidly decreases to a lower value denoted by Te
*. 

P2) Plasma decay; the ne decreases due to recombination and/or transport (diffusion).  
P3) Heating Te

* ↑ Te
**; the opposite of cooling, demanding for a higher electron temperature. 

P4) Ionization; the electron density increases and approaches the steady state (SS) value.  
The changes in Te are sudden while ne changes much more slowly. The precise values of the time 

scales depend on the plasma settings and plasma zone under investigation. The values corresponding to 
RI of τon(ne) and τon(Te) depend on the power-off time τoff(P). Note that τoff(Te) and τon(Te) are in most 
cases so small that they cannot be distinguished from the switching-time of the power supply.  

The following notes can be made:  
N1) It is assumed that after the drop Te ↓ Te

* the Te
* remains (more or less) constant while ne decreases. It 

was often postulated that Te
* equals the heavy particle temperature; thus Te

* ≈ Tg, but this assumption is 
(in general) not valid, as we will see below.  
N2) As said, the line intensities in Fig. 1 are scaled to their maximum values that are achieved just after 
switch-off; this shows that the decays found in the lines have the same time-behavior; they reflect the 
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decrease in ne 

2 (assuming ne = n+, cf. Eq. 2). Thus, as the intensities of the Ar lines (in Fig. 1) decrease 
roughly with a time constant of τoff(Ar*) = 80 µs we find for the {e} a value of τoff(ne) ≈ 160 µs. 

 
Figure 1. Responses of 4 different Ar lines to PI and RI. They are scaled to their maximum intensities that are obtained just 
after switch-off, showing that all lines decay with the same time constant of about 80 µs; cf. Fig. 2.5 in [5]. 
 
N3) Heating; it is expected that Te

**, the electron temperature just after RI, is larger than Te, the electron 
temperature in steady state (SS). The electron production rate (i.e. ionization rate) at RI must be extra 
high to rebuild the plasma. Thus Te

**
 > Te > Te*. This extra high Te

**-value can be realized after PI since 
the electric field can penetrate more easily and deeper into the plasma than in the SS case; the decrease in 
ne achieved in the power-off time implies less shielding. It is indeed found in [5] and [11] that longer 
power switch-off times lead to higher Te

**-values.  
N4) The time-constant τon(ne) is larger than τoff(ne). The plasma needs, apart from an enhanced electron 
production, also to reshape flow-patterns. The τon(ne) -value depends on the SS power-value and off-time.  
 
Saha-like responses. The features of cooling, decay, heating and re-ionization, (F1−F4), can be 
explained by the assumption that the occupations of line-emitting argon levels (Ar*) are ruled by the Saha 
balance of ionization and 2-electron recombination. For the level Ar(p) this balance schematically reads  

e (εfast) + Ar(p)   ↔   e (εslow ) + Ar+ + e(εslow )        (1) 
If this balance equilibrates we find for the density of the states in excited atomic level p the Saha density. 

ηs (p, Te) = ηe η+ h3/(2πme kTe)3/2 exp (Ip/ kTe).       (2) 
Here Ip is the ionization potential of the atom in state p, and ηs(p) = ns(p)/g(p) is the density of the states 
in level p according to Saha as indicated by the ‘s’ as upper index; while ηe = ne/2 and η+ = n+/g+, where 
ne and n+ are the density of the electrons and ions.  

Feature 1, the intensity jump at cooling, can be understood qualitatively by the electron-energy 
indications given in Eq. 1 showing that the ionization (process to the right) needs electrons with high 
energy (εfast) whereas the inverse process of two electron (2e) recombination is mainly ruled by low 
energy electrons (εslow). At switch-off (cooling) the number of electrons with εfast will go down, therewith 
obstructing ionization, whereas the recombination keeps on-going as the density of electrons with εslow 
electrons is not changed (much). Thus the depopulation of Ar* by means of ionization is reduced while 
recombination (population of Ar*) continues. This causes the rapid upward cooling jump and explains the 
counter-intuitive behavior of Ar emission: the lines go-up while the power goes-down. 

Quantitatively we can determine the magnitude of the jumps via Eq. 2. Just after PI the Saha density 
reads ηs (p, Te

*), thus Eq. 2 in which Te is replaced by Te
*. Dividing ηs (p, Te

*) by ηs (p, Te), introducing 
γ=Te/Te

* and assuming that ne and n+ remain constant we get  
ln {J(p)} = 3/2 ln γ  + Ip/kTe (γ -1),         (3) 
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where J(p) = ηs (p,Te

*)/ηs (p,Te) = I(p,Te
*)/I(p,Te) is the intensity-jump at cooling. In the last part we 

added the ratio of the intensities and assume that these are directly proportional to the density of the 
emitting levels. This is justified if the plasma is optically thin for the transitions under study.  

This is illustrated in Fig 2a, where (part of) the Atomic State Distribution Functions (ASDFs) are 
shown obeying the Saha distribution for two different Te-values, together with the jumps at cooling for 4 
levels. It is seen that the lower levels, having high ionization potential Ip-values, undergo higher intensity 
jumps.  

Figure 2b gives an expectation of what happens in a (strongly) ionizing plasma. The cooling jump of 
lower levels, will be reduced with respect to the Saha jump. We will come back to this in Section 2.2.  
 

  

  

 
Figure 2. A) Part of the energy diagram (bottom) with the ASDF (upper) for two points in time, the dashed line gives the 
ASDF ruled by the Saha equation for Te (SS; just before PI) for the solid line it is Te

* (just after PI). The ne-value is the same in 
both cases. The vertical arrows depict the jumps at cooling for 4 different levels; the lower the level the larger the jump. Note 
that Ip, the ionization potential, is large for low lying levels. The set of dotted lines depict the free electron states {e}. B) A 
plasma that in SS is (strongly) ionizing has an ASDF with overpopulated lower levels; the cooling jump is then relatively small 
for these lower levels; the arrows along the ASDF and in {e} depict the transport in space and excitation space.  

    
Figure 3. Measured and calculated cooling jumps as a function of Ip as reported in [5] for an Ar ICP; cf. Fig.6.17 in [5]. 

 
By plotting ln J(p) versus Ip we find from the intersection with the Ip=0 line the value of γ, while γ 

together with the slope gives Te. This provides an elegant way to get Te and Te 
*. There is no need for 

intensity calibration; even the knowledge of A-values is redundant. The result of applying this procedure 
to the PI of an ICP is given in Fig. 3 where it is compared to theoretical results, cf. Fig .6.17 in [5]. A fair 
agreement between experiment and modeling is found and leads to the values Te = 10 kK and Te

* = 7 kK. 
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Another aspect of the Saha equation (Eq. 2) is that charge neutrality, ne = n+, implies that ηs (p, Te) scales 
with ne

2. This explains why all the intensities in Fig. 1, decay with the same time-constant τoff(Ar*)  giving 
the decay time of ne via τoff(ne) = 2τoff(Ar*).  
 
Notes. 1) By comparing Te

*, determined above, with that of the gas temperature Tg as found by Rayleigh 
scattering (cf. p. 89 in [6]) we must conclude that Te

* is substantially higher than Tg. The difference can 
(cf. 3.1) even amount Te

*-Tg = 4 kK! This stands in strong contrast with the assumption that Te
* ≈ Tg  as 

postulated in several old studies. As the electrons during PI remain cooled due to elastic collisions, and as 
the power is switched off, there must be an important post-heating mechanism keeping Te

*>Tg. 
2) For plasmas with lower ne-values for which the Saha balance is not fully settled we can expect 

deviations from the behavior sketched above (cf. Fig 2b and Section 2.2). But as long as there is an 
upward cooling jump we talk about Saha-like responses (cf. [5, 11]); this in contrast to the Boltzmann-
like responses for which the line-intensities jump-down at PI. 

3) As OES results are based on line-of-sight measurements, the method does not give direct insight in 
spatial dependencies.  
 
2.2. OES@PI of an atmospheric SIP. The typical response to PI of an Ar-line as emitted by an 
atmospheric SIP is given in Fig. 4 where it is compared to that found for the ICP. It is seen that the decay 
time τoff(Ar*) is much smaller than that found for the ICP. The insets of these figures present pictures of 
the corresponding plasmas showing that the radius of the SIP is much smaller than that of the ICP. So, in 
first instance one tends to attribute the much faster decay of the SIP to its smaller size and thus higher 
diffusion losses. However, one should also realize that the atom density in the SIP is larger since the 
(atmospheric) gas temperature is lower and that this implies an obstruction for diffusion. In Section 3.2 
we will address the competition between diffusion and recombination more in depth.  

In analogy with Fig. 3 we could make a plot of ln J(p) versus I(p) for the SIP. Such a graph is 
published in [7], where it is found that the lower levels cannot follow the Saha response (cf. Fig. 2b). 
Apparently the SS plasma is strongly ionizing which also follows from the fact that at PI the decay is fast 
(thus τoff(Ar*) small). Nevertheless, extrapolating ln J(p) towards Ip = 0 gives γ = 1.4. Together with Te ≈ 
12 kK we get Te

* ≈ 8.5 kK. This is much higher than the gas temperature that was found to be Tg ≈ 
1.5 kK. Thus especially in this type of plasmas where τoff(Ar*) is small, post-heating is very significant!!  

 
Figure 4. The Saha-like response of an Ar line for an atmospheric SIP compared to that of an ICP; for the SIP we have 
τ(Ar*) ≈ 5µs for the ICP: τ(Ar*) ≈ 50µs. Note the different time-scales. The photos show the smaller radial size of the SIP.  
 

 
3. TS@PI 

 
Although the radiation emitted by plasmas mainly results from electron excitation kinetics this does not 
imply that the properties of {e} can easily be determined with OES. In general, quite sophisticated models 
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are needed to derive ne and Te out of plasma emission, especially if transport plays an important role. In 
that case large deviations from Saha (Eq. 2) can be expected.  

To get direct information on the behavior of {e} during PI we can apply laser TS. Thomson Scattering 
is the scattering of laser light on {e}. It provides time- and space resolved values for ne and Te in a rather 
straightforward manner that does not depend on the degree of equilibrium departure. The perfect space-
resolution stands in contrast to OES being a pure line-of-sight method so that local plasma information 
can only be obtained via error-prone inversion methods (like Abel inversion). We first deal with the 
results of TS@PI of the ICP; this gives the possibility to inter-compare the results of OES and TS. Later 
in Section 3.2, attention will be paid to PI of low pressure SIPs.  
 
3.1. TS@PI of the ICP. In [6 and 8] studies can be found of TS during the PI of an ICP. In general, one 
can state that the TS approach supports the global results as found by means of OES (Section 2.1). 
However, TS gives more precise insight as can be seen in Fig. 5. (Fig. 5.5 in [8]). The following 
observations can be made:  

1) In the center of the plasma we find values of γ = Te/Te
* of about 1.1 but at the plasma edge, in the 

plasma skin, the γ-value increases towards γ = 1.5. Moreover, if we compare Te
* with the Tg- values that 

can be found on p. 89 in [6] we find that in the outer region where γ = 1.4 and Te
* = 6 kK the gas 

temperature is as low as 2 kK. Thus, the difference between the temperature of the electrons and heavy 
particle at switch-off can amount Te

* - Tg = 4 kK! Post-heating is clearly and dominantly present!  
2) In [6 and 8] models were made to understand the temporal behavior of the radial ne profile and to 

determine the radial profile of the electron decay frequency νne = 1/τoff(ne). These models, based on the 
combined action of diffusion and 2e-recombination, give good agreement with the experimental found νne 
for r < 5 mm. However, for r > 5 mm, in the skin region where the energy coupling takes place, these 
models fail. The observed νne-values are much larger than what the combination of diffusion and 2e 
recombination can deliver. In search for extra recombination the mechanism of Molecular Assisted 
Recombination (MAR) was proposed. 

 
Figure 5. Radial profiles of ne and Te of an ICP at 7 mm above the load coil during a PI of 50 µs (starting t = 0). The data for 
t=-5 µs represent the SS situation whereas the profiles for t= 5 µs give the situation just after PI; cf. Fig 5.5 in [8].   
 

MAR is a combination of molecular ion (MI) formation and dissociative recombination and consists of 
two subsequent reactions namely.  

Ar+ + 2Ar  → Ar2
+ + Ar  (IC)    followed by    Ar2

+ + e → Ar* + Ar  (DR)    (4) 
The first one is the ion conversion (IC) of atomic into molecular ions, whereas the second is 

dissociative recombination DR of the molecular ion. The latter is very fast so that the IC is the reaction 
limiting step.   

It is remarkable that post-heating is strong in those region where νne is fast (τoff(ne) small). Apparently 
the presence of molecules or MI that facilitate the decay also generate post-heating (cf. Section 4).  
 
3.2. TS@PI for low pressure SIPs in pure Ar. The low pressure surface-wave induced plasmas (SIPs) 
for which the results are treated in this section are created in cylindrical quartz tubes. The pressure can 
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thus be varied and controlled while gas mixtures can be composed without the uncertain influence of 
atmospheric air entrainment. We start with the pure Ar case; in Section 3.3 the effect of small additions of 
molecular gases will be discussed.  

Here we discuss the results published in [9] for pressures in the range 8−70 mbar and powers of about 
70 W. The inner radius of the tube is 3 mm and the plasma driving frequency is 2.45 GHz. For this type 
of plasmas we find that the behavior of Ar line emission at PI is completely different from that as 
predicted by the Saha response. The main reason is that at low pressures the ne- values is small. Thus, the 
OES method presented above to determine the τoff (ne), Te and Te

* will not work. We need another 
technique such as Thomson scattering (TS). With TS@PI large γ-values, in the order of γ=10, were found 
in [9] meaning that the Te

* drops down to values close to the gas temperature Tg. 
The decay of ne is expected to result from the combination of diffusion and recombination. However, 

the role of 2e-recombination could be ruled out as the decay does not depend on SS-value of ne.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. The measured decay frequency νne (full curve) compared with the calculated frequency for diffusion νdiff and ion 
conversion νIC as a function of the gas pressure; cf. [SH] Fig. 6.5. Increasing the pressure favors the creation of molecular ions.  
 

The diffusion strength can be controlled by varying the pressure. It was expected that increasing the 
pressure would reduce the decay frequency νne; collision with atoms will obstruct diffusion. However the 
opposite was found. As shown in Fig. 6 (Fig 6.5 in [9]) we find that increasing the pressure leads to larger 
values of νne (thus smaller τoff(ne) = 1/νne). This figure also gives νdiff, the expected νne related to 
diffusion, and νIC, the frequency of the conversion of atomic to molecular ions (cf. Eq. 4). As stated 
before this process is the rate-limiting link in the MAR chain. Once a molecular ion (Ar2

+) is formed, it 
will immediately be destroyed by DR. Thus we must conclude that MAR is the most important 
mechanism for the plasma decay at higher pressure. This is in line with the findings in Section 2.2 for the 
atmospheric SIP and in 3.1 for the edge of the ICP. The presence of post-heating (i.e. difference between 
Te

* and Tg) could not be verified as TS is difficult for low Te-values.  
 
3.3 TS@PI on a low pressure Ar-SIP with molecular admixtures. The method described in 3.2 was 
also applied to low pressure SIPs in argon with small molecular admixtures. Huge differences were found 
in the PI responses. Adding H2 or O2 does not lead to noticeable changes in the Te and ne decay behavior 
but an addition of small amounts of N2 or CO2 to the Ar-SIP leads to prominent post-heating [9]. Figure 7 
shows that the addition of 1% of N2 or CO2 gives a Te/Te

* value of γ ≈ 1.4. In other words the electron 
temperature during PI will stay as high as 70% of the value attained under steady state (SS) conditions, 
whereas for pure Ar we found in 3.2 that γ = 10!! So again we have to conclude that there must a post-
heating mechanism; a mechanism that cannot be electromagnetic in nature and must be related to the 
presence of molecules.  
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Figure7. The response of Te to PI for an Ar-SIP of 11 mbar for different admixtures (1%). Post-heating is in action for 
admixtures of N2 and CO2 whereas adding O2 has a minor influence; cf. Fig. 7.2 in [9].  
 
 
4. THE ROLE OF MOLECULES; ANHARMONICITY  
 
In Section 3.2 we found that increasing the atom density in a SIP leads to enhanced plasma decay which 
can only be explained by MAR. This supports the findings given in Fig. 5: in the outer part of the ICP 
where the atom density is high (since the Tg is low) we find large ne-decay rates. Moreover, in that ICP 
region we also found that post heating is strong. So apparently the creation of molecular ions (MI) will 
not only speed up the plasma decay but also leads to post-heating. By adding molecules to an Ar plasma 
we also see that in several cases post-heating is present. So the most likely candidate for post-heating is 
the vibrational system of molecules (or MI). The energy distribution of vibrational levels is an-harmonic; 
they are separated by energy gaps that decrease for increasing vibrational energy, Evib. This implies that in 
mutual collisions, molecules with high Evib, will increase further while those with low Evib will decrease. 
 

 
 

Figure 8. Left: a sketch of the energy diagram of an anharmonic vibration system of a fictitious molecule X2; the vibration 
energy as a function of inter-nuclear distance R. The VV reaction X2 (ν=2) + X2 (ν=7) → X2 (ν=0) + X2 (ν =9) + (∆E>0) given 
as example, shows how VV reactions favor the occupation of higher vibrational states.  

Right: the consequences of this pooling on the VDF (occupation versus vibrational energy) given by the dashed curve, 
being a deflection of the solid curve that depicts the vibrational distribution function (VDF) in case of (Boltzmann) 
equilibrium.  
 

24



25 
 

This is illustrated in Fig. 8 giving as an example the VV-process of the fictitious molecules X2 given 
by     

X2 (ν=2) + X2 (ν=7) → X2 (ν=0) + X2 (ν =9) + (∆E>0).       (5) 
Since the energy gain by the vibrational transition 2→0 is larger than the cost for 7→9 we find that 

such reactions are exothermic (∆E>0) and favor the occupation of higher vibrational states. This so-called 
upward-pooling via VV collisions leads to the following scenario:  
1) In SS the {e} equipped with a large ne-value will, via electron-molecule collisions, impose their 
temperature, Te, on the vibrational distribution function, VDF.  
2) When during PI, the ne goes down; the VV collisions between molecules become more important and 
tend to change the VDF such that for high ν-values the slope temperature increases (cf. Fig. 8, right 
pane). 
3) This high Tvib-value will, in the power-off period, τoff(P), energize the {e}, thereby increasing Te

*. 
A subsequent stage in the scenario is that:  

4) The VV collisions will, during τoff(P), support dissociation of molecules.  
In [10] it was found that power interruption applied to microwave plasmas in pure CO2 indeed leads to 

more dissociation (CO2 → CO+O). The final dissociation efficiency depends on the SS power, the gas 
pressure and temperature, the repetition rate of PI and the duty cycle. As mentioned above, a longer τoff(P) 
leads to higher Te

** values at RI [11]. Due to the ne-decay realized in τoff(P) the E-field can penetrate 
much better and deeper into the plasma than in the SS case. This extra high E-field will support the {e} in 
imposing a higher temperature on the VDF. For a proper understanding of this frequency-effect we need 
more insight in phenomena and time-scales [10]. The effect of convection should also be taken into 
account as the gas flow will affect the residence time and the shielding of the plasma.  
 
 
5. CONCLUSIONS  
 
Different plasma conditions were studies using the PI technique. Two methods were applied to monitor 
the changes of the electron gas, during PI and RI; Optical Emission Spectrometry (OES) and Thomson 
scattering. OES has the advantage that it is experimentally easy, but one of the disadvantage is that is 
limited to plasmas for which the densities of the line-emitting states are ruled by the Saha balance of 
ionization and 2e-recombination. TS is much more expensive and experimentally demanding, but has 
several advantages. It gives spatial resolved values of ne and Te and clearly shows how different plasma 
zones respond differently. Another advantage is that TS can also be used for low ne conditions, thus for 
plasmas for which the levels are not ruled by the Saha balance of ionization and 2e-recombination.  

For the conditions for which both methods can be applied we found that TS supports the OES findings 
in global terms, but also, that TS gives more detailed insights with values of better precision.  

At the edge of the ICP we find a fast ne-decay that cannot be attributed to a combination of diffusion 
and 2e-recombination. This points to the importance of Molecular Assisted Recombination (MAR); a 
mechanism that is confirmed by applying TS@PI to Surface-wave induced plasmas (SIPs) of variable 
pressure. Increasing the pressure, favoring molecular ion formation, leads to faster plasma decay rates. 
Remarkable is that in the ICP edge where the decay is so fast, the electrons do not cool down to the gas 
temperature Tg during PI. This points towards a post-heating mechanism that cannot be electromagnetic in 
nature, since the power is switched off. Apparently the electrons are heated in the formation process of 
molecular ions during the MAR mechanism. Most likely the energy comes from the release of internal 
molecular energy, for instance from the vibrational systems. This idea of the role of molecules is 
supported by the behavior of low pressure Ar plasmas mixed with small amounts of N2 or CO2. It is found 
that Te does not change much after PI, electrons remain heated. That this post-heating phenomenon was 
not found in Ar plasmas with small admixtures of O2 or H2, can be attributed to the small cross sections 
related to the energy exchange between {e} and the corresponding vibrational states (cf. Fig. 7.4 in [9]).   

The role of post-heating on CO2 dissociation deserves further studies as it might lead to a better 
understanding of mechanisms that are essential in the many experimental efforts that are nowadays on-
going in the field of CO2 valorization. Thus PI is not only an interesting experimental method; it might 
also become an essential ingredient of new plasma applications. 
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Abstract. Large-scale atmospheric pressure (AP) plasmas have been given much attention because of its high cost 
benefit and a variety of possibilities for industrial applications. Microwave discharge plasma using slot is attractive 
due to its ability of high-density and stable plasma production, and we have developed a long-scale AP microwave 
plasma (AP microwave line plasma: AP-MLP) source up to ~1 m in length using a loop-structured waveguide and 
travelling wave. The plasma source is composed of a looped waveguide with a circulator and an EH tuner. The 
circulator realizes circular microwave power flow in the looped waveguide and the EH tuner enables us to confine 
the microwave power in the looped waveguide as a travelling wave. By a long slot along the waveguide, uniform Ar 
and He AP-MLP of ~50 cm is produced using a 2.45 GHz microwave power of 1 kW. From optical measurement of 
N2 emission profile and Hβ Stark broadening with small N2 or H2 addition, very low gas temperature of 400~600 K 
and rather high electron density of ~1020 m-3 are confirmed. It is notable that the AP-MLP utilizes CW microwave 
power, although conventional APPs use pulsed power to suppress the gas heating and resulting arc discharge. To 
realize the AP-MLP application to industries, use of molecular gases is preferable. To aim at this, the cross-sectional 
configuration of the waveguide is modified. By changing the cross-section configuration of the waveguide from 
symmetric one to asymmetric one, enhancement of the electric field in the slot is realized. By this modification, 
plasma production becomes much easier and uniform Ar plasma with a length of 1m is realized with only 500 W 
CW microwave power. Furthermore, 50 cm-length N2 plasma is realized at a CW microwave power of 5kW. Very 
fast wettability control is demonstrated. 

 

  

1. INTRODUCTION 
 
Recently, various kinds of large area electronics devices such as flat panel displays or solar cells are 
commonly used. Furthermore, surface treatment of polymer films is also given attention [1] bacause such 
films are frequently used for heat shielding film on glass window or new functional polymer-based 
electronics devices. So far, fabrication of electronics devices on glass plates are realized by low-pressure 
large-area plasma sources (2m × 3m) using capacitively coupled plasmas. For the polymer film 
processing, roll of polymer film with film widths of more than one meter is installed in a huge vacumm 
chamber (a few m in height, 3m × 10m in foot print) and metal films or dielectric films are deposited in 
the chamber by moving the film by a winding roll at film speeds of a few m/min. However, due to the use 
of low-pressure plasmas for the processing, all the process equipment requires huge vacuum system in 
which all the processing materials are introduced. Accordingly, the processing cost becomes very high 
not only because of the plasma source cost but also because of low cycle time of the materials.  

As an alternative of low-pressure large-area plasma sources, atmospheric pressure plasmas (APP) have 
received much attention because of its cost benefit and a variety of possibilities for industrial applications. 
For example, dielectric barrier discharge (DBD) plasma sources [2−4] have been proposed. RF power is 
also utilized for the production of APP [5−9].   

Among various APPs, microwave discharge plasma is attractive because of its capability of high-
density plasma production [10−19]. Benefit of the high density plasma is its high process throughput. For 
example, the DBD discharge is well known as one of intermettent discharge plasmas because the 
discharge duration is limited to a few microseconds due to the limination of the surface charge on the 
dielectric materials. Furthermore, the plasma density is rather low and time-averaged plasma density 
becomes very low. If temporally constant and spatially uniform microwave APP is realized, priority of 
the microwave APP is fully utilized and conventional APP sources can be replaced even by one-
dimentionally long microwave APP.   
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In this paper, verious kinds of line-shaped atmospheric 
pressure microwave plasma source, i.e., atmospheric pressure 
microwave line plasma (AP-MLP) is demonstrated [20−23]. 

 
 

2. SLOT-EXCITED AP MICROWAVE PLASMA 
 
In various ways of AP microwave plasma production, plasma 
production using slotted waveguide is one of easy way. Figure 
1 shows concept of slot-excited AP microwave plasma. Placing 
a slot on a waveguide as the slot interrupts the surface current 
flow, strong electric field is induced in the slot and, when the 
field intensity becomes higher than the breakdown field, 
plasma is produced in the slot and plasma is sustained by the 
power deposition due to the current flowing through the 
plasma.   

The most simple way to produce one dimensionally long AP 
microwave plasma is to use arrayed slot along the waveguide 
[20]. In this case, a long rectangular waveguide is utilized. By a 
short-end that is placed at the end of the waveguide, 
TE10-mode microwave power in the waveguide 
produces standing wave along the waveguide. When 
the slot is placed as the slot direction is in parallel to 
the waveguide direction, the electric field in the slot 
becomes maximum when the slot is placed at a 
position of (2n+1)λg/4, where n and λg are integer 
and waveguide wavelength, respectively. The 
electric field also becomes larger when the slot is 
placed close to the edge of the E-face. Based on this 
concept, we have developed a 10 GHz microwave 
plasma source of two waveguides with an array of 
41 slot antennas as a discharge line and succeeded in long-scale plasma production as shown in Fig. 2. 
However, size of the each plasma has been limited up to a few centimeters in length and production of 
continuous long-scale plasmas is difficult because slots are installed in accordance with antinodes of 
standing waves inside a waveguide which are discontinuous with fixed interval.   

 
 

3. CONCEPT OF SPATIALLY UNIFORM LINE-SHAPED PLASMA 
 
The AP microwave plasma 
using the arrayed slots is, 
of course, spatially not 
uniform and only discrete 
plasmas are aligned along 
the waveguide. This 
plasma structure is not 
suitable for real 
applications because the 
surface treatment process 
is realized by moving the 
materials perpendicular to 
the waveguide direction, 

(b) 

Figure 3. Waveguide structures for the line plasma production. A loop 
waveguide with a circulator and a long slot antenna is used. 

Surface Current 

Plasma 

E-

 

H-

 

Figure 1. Plasma production by the 
slotted waveguide. 

Figure 2. Atmospheric pressure microwave 
plasma with arrayed slots. 
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i.e., by sweeping the plasma on the surface of two-dimensionally large materials. The reason why only 
discrete plasma array was produced in the above concept is simply because the spatial profile of the 
microwave energy along the waveguide is NOT uniform due to the existence of the standing wave. In 
other words, one-dimensionally uniform slot-excited microwave plasma is realized only when the 
microwave energy along the waveguide is uniform.   

To solve this issue, we utilize one-dimensionally-long slot and standing-wave-free microwave power 
along the waveguide. The standing-wave-free microwave propagation is realized just only by placing a 
microwave power absorber at the end of the waveguide. In this configuration, however, fairly amount of 
microwave power is lost by the power absorber without contributing to the plasma sustainment. To 
effectively use the input microwave power, a waveguide configuration as shown in Fig. 3 is introduced 
[21]. The plasma source consists of a loop-structured waveguide with a line slot and a microwave 
circulator, as shown in the figure. The circulator is a non-reciprocal device with three ports and permits 
energy flow in only one direction, e.g., port 1 to 2, 2 to 3 and 3 to 1. When a 2.45 GHz microwave power 
supply is connected to port 1 through an EH tuner, microwave power applied to the port 1 flows from port 
2 into port 3 in a loop waveguide and exits from port 1. Supposing no power loss in the waveguide and 
the EH tuner, characteristic of the EH tuner can be expressed using S parameters as follows, 

                                            𝑆𝑚𝑚 = |𝑆𝑚𝑚|𝑒𝑗𝜃𝑚𝑚 . (1) 

Here, 𝑚 and 𝑛 are port number. In the case of the EH tuner, S matrix can be considered as symmetric 
Unitari matrix and relation between S parameters becomes as follows. 

𝑆22 = 𝑆11 (2) 

𝑆12 = 𝑆21 (3) 

|𝑆22|2 + |𝑆12|2 = 1 (4) 

Using the above Unitari matrix, square-root of the microwave power that flows through the loop 
waveguide can be expressed as follows.   

𝐼𝐿 = 𝑆21𝐼0�𝑆22𝑘 𝑒𝑗𝑗𝑗
𝑘=0

=
𝑆21

1 − |𝑆22|𝑒𝑗𝜃′
𝐼0 

=
|𝑆21|𝑒𝑗�𝜃21+𝜃′′�

�1 − 2|𝑆22| cos 𝜃′ + |𝑆22|2
𝐼0, 

 

           𝜃′ = 𝜃 + 𝜃22,    𝜃′′ = tan−1 � |𝑆22| sin𝜃′

1−|𝑆22| cos𝜃′
�  

(5) 

Here, I0 is input microwave power from the microwave power source to the EH tuner, and θ is phase 
difference when the microwave travel through the loop. When the EH tuner is adjusted as the phase 
difference between the microwave from the microwave power source and the microwave reflected by the 
EH tuner to be zero, i.e., θ '=0, the microwave power flowing through the loop waveguide (|IL|2) is 
expressed to be 

 
 |𝐼𝐿|2 = |𝑆21|2

(1−|𝑆22|)2
|𝐼0|2 = 1−|𝑆22|2

(1−|𝑆22|)2
|𝐼0|2 = 1+|𝑆22|

1−|𝑆22|
|𝐼0|2. 

 
(6) 

When the S22 approaches unity, power gain (|IL|2 / |I0|2) monotonically increases. This means that the 
EH tuner reflects the power back into the loop again by the impedance matching and confines the 
microwave power in the looped waveguide. Thus, the power flow of only traveling wave is superimposed 

29



30 
 
in the loop without the energy loss and the microwave power inside the waveguide is enhanced. This 
result strongly supports the possibility of the microwave plasma production along a long slot even under 
atmospheric pressure conditions.   

 
 

4. PRODUCTION OF ATMOSPHRIC PRESSURE MICROWAVE LINE PLASMA 
 

To realize the concept of the one dimensionally long atmospheric pressure microwave plasma (hereafter, 
atmospheric pressure microwave line plasma: AP-MLP), a plasma source based on the above-mentioned 
concept is constructed and plasma characteristics are investigated [22]. In the experiment, a long slot of 
600 mm in length and 0.5 mm in width with a displacement of 40 mm with respect to the waveguide 
centerline is placed on a rectangular waveguide (inside dimensions: 96 mm × 27 mm, length: 700 mm) 
along the direction of the microwave propagation, as is illustrated. Discharge gas (He: 2.0 slm) that is 
introduced into the waveguide through small holes on the center of the waveguide flows out through the 
slot. Pulsed-microwave (pulse-frequency: 20 kHz, duty ratio: 20-100, peak power: <2 kW) generates line 
plasmas over a half meter scale under the atmospheric pressure. The spatiotemporal development of the 
discharges is observed by a digital still camera and a high-speed camera (frame rate: 2000 frame/s, 
exposure time: 2.5x10-5 s). 

Figure 4a shows is an image of the plasma emission with exposure time fixed at 1.0 s. Continuous 
plasma of over a half meter in length is generated. To investigate spatial variation of the emission 
intensity along the slot, the still camera is installed in front of the slot antenna and photo-image is 
analyzed by a software as shown in Fig. 4b. Although minute fluctuations and slight decrease in the 
intensity along the slot is observed, rather uniform plasma is produced along the slot antenna. The 
spatiotemporal development of the discharges is observed by a high-speed camera with a frame rate of 
2000 frame/s and an exposure time of 2.5×10-5 s. Figure 5 shows the high-speed photographs of the 
plasmas in the center of the slot of 100 mm length in a certain time. It is shown that a number of small 
plasmas move in the direction of the microwave propagation.   

In the above experiment, the plasma looks uniform along the long slot. However, the plasma looks 
uniform only as time averaged one and is not real uniform plasma. We next investigate the behavior of 
the plasma by changing the slot width and the microwave pulse duty ratio. Figure 6a shows duty ratio 
dependence of the plasma size at slot widths from 0.1 to 0.7 mm. The length of the moving plasma 
increases with increasing the duty ratio and with reducing the slot width. It is notable that in the case of 
the slot width of 0.1 mm, the plasma size becomes drastically long at duty ratios above 90%. When the 
microwave power becomes CW power (duty ratio: 100%), each plasma connects each other and one very 
long plasma at a length comparable to the slot length is confirmed even with the high speed camera. 
Figure 6b shows a photograph example obtained by the high-speed camera at a pulsed microwave power 
of 2 kW and a duty ratio of 92%. Even by the high-speed camera, no plasma movement is observed and 
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Figure 5. Single-shot images of the plasmas 
travelling according to the microwave power. 

 

Figure 4. (a) An image of the plasma emission and (b) 
its distribution of the emission intensity along the slot. 
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production of temporally stable plasma is confirmed. Figure 7 shows example of the emission profile 
along the slot in the case of the He AP-MLP. Although some fluctuation due to the edge of the slot is 
observed in both ends of the slot, uniform emission intensity is observed in the middle of the plasma 
(10~50 cm in the figure). This means that the spatially uniform and temporally stable plasma can be 
produced by CW microwave power. 

 

 

 

 

 

 

 

 

 

 
 
 
 
5. BASIC CHARACTERISTICS OF THE AP-MLP 
 
 

Electron density is one of essential plasma parameters to determine the plasma characteristics. Gas 
temperature in the plasma is also important key parameter to determine characteristics of processing, 
especially for processing of non-heat-resistant materials such as polymer films. From this viewpoint, the 
electron density is measured by the Stark measurement and the gas temperature of the discharges is 
estimated from the rotational temperature of N2(C-B) by optical emission spectroscopy [22]. 

Figure 8. Experimental setup for the plasma diagnostics. 
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Figure 6. (a) Length of the plasma as a 
function of microwave pulse duty ratio. 
Peak microwave power is 1 kW and Slot 
width is varied from 01. To 0.7 mm. (b) 
High-speed camera image of the plasma 
at a peak microwave power of 2 kW and 
a duty ratio of 92%.  

0

5

10

15

20

25

0 10 20 30 40 50 60

Em
is

si
on

 in
te

ns
ity

 (a
.u

.)

Slot length (cm)

Figure 7. Spatial profile of emission 
intensity by the AP-MLP with He gas.   
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Figure 8 shows schematic of the experimental apparatus. A 2.45 GHz microwave power (CW power, 
1.0 kW) is introduced to the circulator through an EH tuner. A long slot (600 mm in length, 0.1 mm in 
width) is vacuum-sealed by two airtight windows and is connected to a vacuum chamber evacuated by a 
rotary pump. After the evacuation, discharge gas (He: 5 slm, N2: 10 sccm) is introduced into the vacuum-
sealed waveguide through small holes on the waveguide till the chamber is filled with the gas at the 
atmospheric pressure. The emission spectra of the second positive system of nitrogen are obtained around 
the slot center by a monochromator with an ICCD camera 
at a gating time of 100 ns after 5 µs from the plasma 
ignition. Figure 9 shows experimentally observed and 
simulated spectra of N2(C-B) shown as a solid curve and a 
broken curve between 377 and 381 nm. The rotational 
temperature (Tr) of 450 K is obtained. Similar experiment 
is carried out using Ar and the gas temperature of ~600 K 
is observed. It should be noted that the gas temperature is 
very low even the CW microwave power is used under the 
atmospheric pressure condition. These results suggest that 
this plasma source can be utilized for the treatment of non-
heat-resistant materials.   

Plasma density of the AP-MLP is also investigated by 
Stark measurement of Hβ line. In the measurement, a 0.5 
m focal length spectrometer with a grating of 3600 
groove/mm is used. An ICCD camera is used for the 
spectrum measurement. The experimental conditions are 
almost the same as those of Fig. 9, except for the addition 
gas (H2 instead of N2). Figure 10 shows an example of Hβ 
spectrum measured by the ICCD optical multichannel 
analyzer. Measured line width is ~86 pm. The line width, 
however, includes broadening factors not only from Stark 
effect but also other broadening effect (natural broadening, 
Doppler broadening, Van der Waals broadening) as well 
as the spectral resolution of the spectrometer. These 
factors are carefully removed taking the broadening 
profiles (Lorenzian, Gaussian) into account, and the 
broadening factor from the Stark broadening is obtained 
and the electron density is calculated to be 1.2x1014 cm-3 at 
a slot width of 0.1 mm. From the Stark measurement, high 
plasma density of the AP-MLP is confirmed. 

 
 

6. FURTHER IMPROVEMENT OF THE AP-MLP 
 
In the above chapters, the AP-MLP is produced only by rare gases such as helium or argon. In the 
industrial applications, however, not only rare gases but also molecular gases must be considered not only 
because of cost benefit but also because of usefulness of chemically reactive species produced by 
molecular gases. In the case of the molecular gas discharge, however, it is well known that the discharge 
power that sustains the plasma becomes much higher than that of rare gas discharges because the 
discharge power absorbed by the plasma is used not only by the ionization or the electronic excitation but 
also by dissociative, vibrational or rotational excitations. In the case of the slot-type microwave 
atmospheric pressure plasma, the plasma is sustained by the current that flows through the plasma and the 
power is absorbed by the plasma through ohmic heating, due to very high collisionality. This implies that 
the power absorption becomes more effective when the current becomes much larger, resulting in the 
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effective plasma sustainment in the molecular gas discharge. In the conventional rectangular waveguides, 
typical mode of the electromagnetic wave in the waveguide is TE10. This mode is symmetric with respect 
to the center plane of the waveguide and the surface current is also symmetric with respect to the center 
plane of the waveguide. In this slot-type AP-MLP, the slot is positioned close to the edge of the H-plane 
and this means that only one side of the surface current is utilized for the discharge. However, if the 
spatial profile of the surface current is controlled by the structure of the waveguide and the surface 
current is concentrated at a certain position in the waveguide, the microwave power is effectively utilized 
for the plasma production and even the molecular gas discharge becomes rather easy. Based on this 
concept, cross sectional structure of the rectangular waveguide is modified and the cross sectional profile 
of the electromagnetic wave is investigated through a simulation of the finite element method.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the simulation, commercially available MW-Studio is used, where the spatial profile of the 

electromagnetic wave is calculated by the finite integration method. Figure 11 shows one example of the 
cross-sectional profiles of the magnetic field both in the cases of the conventional rectangular waveguide 
and a cross-section modified waveguide. In the case of the conventional rectangular waveguide, the 
magnetic field profile is completely symmetric with respect to the center plane of the waveguide. In the 
case of the modified waveguide, however, the magnetic field becomes localized in the vicinity of the 
short-spacing waveguide part and strong magnetic field is realized near the edge of the waveguide. This 
result strongly suggests easy production of the plasma using the modified waveguide structure. 

Based on the simulation, a new AP-MLP is constructed using the modified waveguide. In the 
experiment, pure N2 gas is used at a N2 gas flow rate of 10 slm per 1m slot-length. Figure 12 shows photo 
images of the N2 emission in the cases of the standard-size waveguide and the modified waveguide. In the 
case of the standard waveguide (Fig. 12a), the discharge becomes discrete and line plasma is not 
produced even using a slot of 30 cm length. In the case of the modified waveguide (Fig. 12b), however, a 
line plasma with pure N2 gas is successfully produced at a plasma length of ~40 cm. This result clearly 
indicates the effectiveness of the waveguide structure modification to enhance the plasma production with 
molecular gases.  

 
 

 

Figure 11. Cross-sectional view of magnetic field distribution of 
(a) the standard waveguide and (b) the modified waveguide. 

Figure 12. Pure N2 line plasma emissions inside slots in the cases of 
(a) the standard waveguide and (b) the modified waveguide. 
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7. APPLICATION EXAMPLE OF THE AP-MLP 
 
The AP-MLP can be applied to various applications. 
One of typical applications of the AP-MLP is surface 
wettability control. Figure 13 shows the experimental 
apparatus with additional information of the film 
treatment setup. As is shown in Fig. 13a, a loop-
waveguide antenna consists of a loop-structured 
waveguide and a microwave circulator. A pulse-
modulated 2.45 GHz microwave source (pulse-
frequency: 20-80 kHz, duty cycle: 60%, peak power: 
2.0 kW) is connected to the circulator through an EH 
tuner. A section of the loop waveguide with a long 
slot (60 cm or 90 cm in length, 0.1 mm in width, 1.0 
mm in thickness) is vacuum-sealed by two airtight 
windows and is connected to a vacuum chamber 
evacuated by a rotary pump to confirm gas purity 
during the experiment. Figure 13b shows the cross-
sectional view of the vacuum-sealed chamber and 
film-treatment setup. After the evacuation, mixture 
gas of helium and nitrogen (1%) is introduced to the 
gap of the slot antenna through small holes on the 
waveguide wall facing the slot at total flow rates of 
5.0 slm and 7.0 slm for 60 cm and 90 cm slot 
respectively, filling the chamber and the waveguide 
with the mixture gas at a pressure of 100 kPa 
(atmospheric pressure) monitored by a pressure sensor. AP microwave line plasma is produced inside the 
slot gap by applying the microwave power. PET film is set at the front of the antenna and the distance 
between the antenna and the substrate is 2 mm. 

Figure 14 shows the water contact angles at the center of the slot as a function of the treatment time 
under various pulse-frequency conditions with a fixed duty cycle of 60%. The contact angle rapidly 
decreases within 5 s of the treatment time and the processing speed increases with increasing pulse 
frequencies from 20 to 60 kHz. 

To evaluate treatment-uniformity of a meter-scale substrate, PET films were treated by 90 cm slot-
antenna plasma at pulse frequency of 80 kHz and a duty cycle of 25%. Figure 15 shows the spatial profile 
of the treatment performance. The water contact angle decreased down to ~25 degree within 5 s. 
Furthermore, the distribution of the contact angle was almost uniform along the slot. It should be also 
mentioned that there was no thermal damage on the substrate, suggesting that this plasma source can be 
easily applied to non-heat-resistant materials and long area processing. 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) 

(b) 

Figure 13. Schematic of (a) experimental apparatus 
and (b) its cross sectional view and film-treatment. 

 

Figure 14. The water contact angle as a function of 
the treatment time with a fixed duty cycle of 60%. 

Figure 15. The water contact angle as a function of 
the treatment time with a fixed duty cycle of 60%. 
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8. CONCLUSIONS 
 
A long-scale AP microwave plasma (AP microwave line plasma: AP-MLP) source up to ~1 m in length 
using a loop-structured waveguide and travelling wave was developed for large area surface treatment. 
The plasma source was composed of a looped waveguide with a circulator and an EH tuner. The 
circulator realized circular microwave power flow in the looped waveguide and the EH tuner enabled us 
to confine the microwave power in the looped waveguide as a travelling wave. By a long slot along the 
waveguide, uniform Ar or He AP-MLP of ~50 cm was produced using a 2.45 GHz microwave power of 1 
kW. From optical measurement of N2 emission profile and Hβ Stark broadening with small H2 addition, 
very low gas temperature of 400~600 K and rather high electron density of ~1020 m-3 were confirmed 
using CW microwave power. To realize the AP-MLP application to industries, cross-sectional 
configuration of the waveguide was modified aimng at molecular gas discharge. By changing the cross-
section configuration from symmetric one to asymmetric one, enhancement of the electric field in the slot 
was realized. By this modification, plasma production became much easier and uniform Ar plasma with a 
length of 1 m was realized with only 500 W CW microwave power. Furthermore, 50 cm-length N2 
plasma was realized at a CW microwave power of 5 kW. Very fast wettability control was demonstrated. 
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Abstract. In present time some ECR ion sources use a high frequency powerful microwave radiation of modern 
gyrotrons for plasma heating. Due to high radiation power such systems mainly operate in a pulsed mode. This type 
of ECR ion sources was developed at the Institute of Applied Physics of Russian Academy of Sciences and the most 
part of experimental research was performed at SMIS 37 facility. At SMIS 37 gyrotrons with 37.5 and 75 GHz 
frequencies and 100 and 200 kW maximum power respectively are used for plasma production. Such heating 
microwaves allow creating plasma with unique parameters: electron density > 1013 cm-3, electron temperature 
50−300 eV, ion temperature about 1 eV. The principal difference between these systems from the conventional ECR 
sources is a so-called quasi-gasdynamic regime of plasma confinement. In accordance with the confinement regime 
such sources have been called "gas-dynamic ECR sources". Typically, plasma lifetime in such systems is about 10 
microseconds, which in combination with the high plasma density leads to formation of the plasma fluxes from a 
trap with density up to 1−10 A/cm2. The confinement parameter (the product of plasma density and lifetime) reaches 
a value (> 108 cm-3s) sufficient to generate multiply charged ions. The possibility of multiply charged ion beams 
(nitrogen, argon) production with currents up to 200 mA was demonstrated. Particularly the gas-dynamic ECR ion 
sources are effective for generation of high current proton beams with low emittance (high brightness). Recently a 
possibility of proton and deuteron beams formation with currents up to 500 mA and rms normalized emittance 0.07 
pi • mm • mrad was demonstrated. 
The next step in the research is a transition to continuous wave (CW) operation. For this purpose, a new 
experimental facility is under construction at the IAP RAS. Future source will utilize 28 and 37.5 GHz gyrotron 
radiation for plasma heating. Overview of the obtained results and the status of the new source development will be 
presented. 

 
 
 
1. INTRODUCTION 
 
Production of high intensity ion beams from an ECR discharge could be realized in a pulsed mode when 
microwave power level coupled into a plasma is much higher than it is used in continuous wave (CW) 
operation. Basic principal is rather simple: a high current density ion beam could be produced in case of 
dense plasma flux from a magnetic trap coursed by fast losses; fast losses mean high heating power 
required for electron temperature sustaining at the level necessary for efficient ionization. Investigations 
of pulsed ECR discharge in an open magnetic trap under conditions of powerful ECR heating with 
gyrotron mm-waveband radiation were carried out over the last 20 years at the Institute of Applied 
Physics (IAP RAS, Nizhniy Novgorod, Russia) [1−5] and continued at Laboratoire de Physique 
Subatomique & Cosmologie (LPSC, Grenoble France) [6, 7]. In the beginning the work was devoted to 
development of a high frequency ECR source of multi-charged ions with outstanding parameters of 
plasma heating (37.5 GHz, 100 kW). According to Geller’s scaling laws [8] such increase in frequency 
and power in comparison to conventional ECRIS was expected to boost the ion source performance and 
provide a significant progress in ECRIS development. However, due to short pulse operation mode and 
low repetition rate of the used gyrotrons (pulse duration < 1 ms, 0.1 Hz) breakdown and discharge 
conditions similar to a conventional ECRIS were unreachable. The minimum neutral gas pressure was 
two orders higher (10-4 mbar) and the plasma parameters differed significantly from conventional ECRIS. 
After years this work resulted in development of a new type of ion source – high current gasdynamic ion 
source.  
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2. QUASI-GASDYNAMIC PLASMA CONFINEMENT 
 
The use of powerful mm-band radiation allows to increase the plasma density in the discharge 
significantly (proportional to the square of the radiation frequency [4−9]) in comparison to conventional 
ECRISs, which utilize microwave radiation with frequencies on the order of 10 GHz [8]. In experiments 
with gyrotrons frequency range 37.5 – 75 GHz the plasma density reaches values of 1013−1014 cm-3[10, 
11]. Significant increase of the plasma density leads to a change of the confinement mode. A so-called 
quasi-gasdynamic confinement [4, 5] was realized in the presented experiments instead of the collision-
less confinement [12], which is typical for modern ECRISs. The transition from collision-less to quasi-
gasdynamic confinement occurs when the plasma density is high enough for the scattering rate of 
electrons into the loss-cone to be higher than the maximum possible electron loss rate caused by the ion-
sound flux through the magnetic mirrors [13]. In such situation the loss-cone in the velocity space is 
populated, and the plasma lifetime does not depend on the collisional electron scattering rate into the loss-
cone i.e. on the plasma density, but is determined by the trap size, magnetic field structure and ion sound 
velocity [13]. The plasma lifetime, which is much shorter than in conventional classical ECRISs, can be 
expressed as τ=(L∙R)/(2Vis), where L is the magnetic trap length, R the trap mirror ratio (ratio between 
magnetic field in the magnetic mirror and in the trap center) and Vis the ion sound velocity. Short plasma 
lifetime provides high plasma flux density from the trap. The flux is proportional to the plasma density 
and ion lifetime i.e. I ~ N / τ, where N is the plasma density. Due to the high plasma density, the 
confinement parameter Ne·τ, which determines the ionization degree and average ion charge, can be as 
high as 108–109 s·cm-3, which is enough for efficient ionization. The main advantages of quasi-
gasdynamic confinement are the following. The plasma lifetime does not depend on its density and, 
therefore increase of the density would lead to rising of confinement parameter and average ion charge. In 
addition, the plasma lifetime is proportional to the magnetic trap length and the source performance could 
be improved by adjusting the trap length. In case of extremely high frequency heating and accordingly 
higher plasma density multiple ionization is possible even in a small plasma volumes. ECR sources 
running under conditions of such plasma confinement are called gasdynamic ECRISs. 

Possibilities and prospects of the gasdynamic confinement were demonstrated at SMIS 37 facility [4, 
5] and at SEISM Prototype [6, 7]. It was shown that the described peculiarities of quasi-gasdynamic ECR 
discharge sustained by mm-waveband radiation, namely, short lifetime and high density, provide 
unprecedented ion current densities up to 800 emA/cm2. 

 
 

3. SMIS 37 EXPERIMENTAL FACILITY 
 
The main part of the experiments devoted to the topic was conducted at SMIS 37 facility. During the 
years its configuration has been changing slightly, the latest one being schematically depicted in Fig. 1. 
The plasma is created and sustained inside a d=4 cm vacuum chamber (placed in a magnetic trap) by 
pulsed (1 ms) 37.5 GHz or 75 GHz linearly polarized gyrotron radiation with power up to 100 kW. The 
simple mirror magnetic field (or a cups trap for some experiments) is created by means of pulsed 
solenoids positioned at a distance of 15 cm from each other, providing a mirror ratio of 5. The magnetic 
field strength could be varied in a range of 1−4 T at mirror plugs, whereas the resonant field strength is 
1.34 T for 37.5 GHz and 2.7 T for 75 GHz. The microwave radiation is coupled to the chamber quasi-
optically through a quartz window and a special coupling system, which protects the window from the 
plasma flux. Quasi-optical coupling appears to be the best choice for high power microwave radiation 
transport into an ion source especially because air gaps additionally could be used as a DC-break between 
high voltage plasma chamber and microwave source. At SMIS 37 the pulsed gas feeding is used and gas 
line is incorporated into the coupling system i.e. the neutral gas is injected axially.  
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Figure 1. Schematic view of SMIS 37 experimental facility. 

 
The ion extraction and beam formation is realized by a two-electrode (diode) system consisting of a 

plasma electrode and a puller. The diameter of the extraction aperture is varied from 1 to 10 mm. The 
distance between the extraction system and the magnetic plug at the center of the solenoid magnet was 
designed to be variable, which allows tuning the plasma flux density at the plasma electrode.  The 
maximum applied extraction voltage is up to 100 kV. A Faraday cup with an aperture of 85 mm is placed 
right behind the puller (grounded hollow electrode) to capture the whole beam. The cup is equipped with 
an electrostatic secondary electron suppression. A 42o bending magnet is installed downstream in the 
beam line for measuring extracted beam spectrum.  

 
 

4. MULTICHARGED IONS PRODUCTION 
 
A number of papers were devoted to multi-charged beam production at SMIS 37 [1−5]. In this paper the 
main results obtained some years ago are shown to demonstrate the typical source performance. In Fig. 2 
two ion spectra with nitrogen and argon are presented in the case of 37.5 GHz, 100 kW plasma heating. 

 
Figure 2. Argon and Nitrogen spectra. ECR plasma heating with 37.5 GHz, 100 kW gyrotron radiation in a simple mirror trap. 

H
+
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The effect of plasma density increase within gasdynamic confinement with increase of microwave 
frequency is shown in Fig. 3. Helium ion spectra for 37.5 and 75 GHz, 100 kW and 200 kW heating 
correspondingly demonstrate a great improvement in average ion charge. 

 

 
 

Figure 3. Helium spectra. 37.5, 100 kW ECR heating (left) and 75 GHz, 200 kW ECR heating (right). Plasma is confined in a 
cusp trap with an effective length of 28 cm, the gas pressure is 10–4 Torr. 

 
In these experiments a single aperture two electrode extraction system with 1 mm hole was used for 

beam formation providing total ion current up to 10 mA [2]. Normalized beam emittance measured with 
pepper-pot method was of the order of 0.01 π·mm·mrad. The experiments were repeated later with multi-
aperture extraction systems. Extracted ion current dependence on the accelerating voltage in case of 13-
hole (each 3 mm in diameter) plasma electrode is shown in Fig. 4. 

 

 
Figure 4. Faraday cup current dependence on extraction voltage (left) obtained with multi-aperture extraction system (right). 

Presented results demonstrate that gasdynamic ion source is able to produce hundreds of emA of 
moderately charged (Q up to 6+) beams. Low emittance and high current of such beams may allow using 
them together with charge-breeding or stripping techniques. Further increase of the microwave frequency 
is promising for the production of high current heavy ion beams with the average charge about +10 and 
their injection into accelerators with strippers after first acceleration stage. 

The state of the art ion source of this type called SEISM Prototype have been built recently in 
Grenoble in frames of international collaboration between LPSC, IAP RAS and LNCMI (CNRS). It is the 
first ECRIS with a topologically closed 60 GHz ECR resonance zone, using radially cooled polyhelices. 
Unique ion beam intensities have been extracted from this prototype, like 1.1 mA of O3+ through a 1 mm 
hole representing a current density of 140 mA/cm2 [7]. In first experiments a significant currents of highly 
charged ions like O5+ were also observed. Further investigation at this experimental facility should 
demonstrate the ultimate performance of gasdynamic ECR ion sources. 
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5. SHORT PULSE ION BEAMS  
 
Many of the modern technologies and basic research facilities require the creation of an ion source 
capable of generating short-pulse (20–100 μs), high current (tens or hundreds of milliamps) heavy gases 
ion beams with a fairly high average charge and low emittance. Gasdynamic ECR sources of 
multicharged ions seem to be the most promising in this respect. In this case, the plasma confinement in a 
magnetic trap is quasigasdynamic and has a typical lifetime of 10 to 20 μs. Under these conditions, there 
are two modes of generating high-current ion pulses of short duration, namely, quasi-stationary and non-
stationary. The possibility of quasi-stationary generation of short-pulse multicharged ion beams is related 
to a short plasma lifetime in the trap of a gas-dynamic ECR source, which ensures that the plasma density 
can reach a steady-state level within a short time. To obtain short pulses in the non-stationary generation 
mode, one can use the well-known preglow effect [14−17], in which a peak current of extracted multiply 
charged ion beam with amplitude exceeding several steady-state values is observed at the initial stage of a 
discharge. In addition, it was found in [18] that in the case the gyrotron pulse duration is less than or of 
the order of the typical time of the preglow peak formation the beam current occurs predominantly after 
the end of the microwave pumping in the form of an intense short burst. Apparently a similar effect was 
observed earlier in [19] and was named “the micropulsed mode”. In experiments conducted at SMIS 37 it 
was demonstrated that gasdynamic ECR ion source running in such “micropulsed mode” is able to 
produce multicharged ion beams with duration less than 100 µs. Waveforms of the full beam current and 
for Ar4+ and Ar5+ currents are shown in Fig. 5. 

 
Figure 5. Oscillogram of the argon ion beam current (Faraday cup current) for an extraction voltage of 23 kV is on the left. 
High-voltage pulse of the gyrotron cathode (which duration is close to the one of microwave power pulse) is shown. 
Corresponding currents of separate beam species (Ar4+ and Ar5+) are on the right. 

The total beam current extracted with multiaperture extraction system described above was at the level 
of 100 mA.  

Later some theoretical work showing a possibility of high ionization efficiency in case of short-living 
radioactive isotopes beams production was reported in [20]. For the needs of Beta Beam project [21] it 
was shown that gasdynamic ECR source in the short pulse mode could provide up to 50% utilization of 
6He in fully striped ions. 

 
 

6. PROTON AND DEUTERON BEAMS FORMATION 
 
Operation of modern high power accelerators often requires production of intense proton and deuterium 
beams. H+ beams are utilized or envisioned for use in linear accelerators e.g. the future European 
Spallation Source under design [22, 23]; some special applications such as neutron generators or the 
IFMIF project, require D+ (deuteron) ion beams. Requirements for the brightness of such beams grow 
together with the demand of accelerator development and arising experimental needs. New facilities 
aiming at outperforming the previous generation accelerators are usually designed for higher beam 
currents. Enhancing the beam intensity and maintaining low transverse emittance at the same time is, 
however, quite a challenging task. The most modern accelerators require H+/D+ ion beams with currents 
up to hundreds of emA (pulsed or CW), and normalized emittance less than 0.2 π·mm·mrad [22, 24] to 
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keep the beam losses at high energy sections of the linacs below commonly imposed 1 W/m limit. 
Previous experiments on heavy multi-charged ion production demonstrated that gasdynamic ion source is 
able to produce ion beams with record beam current density and moderate ion charge. The average 
electron energy in plasma of ECR discharge with quasi-gasdynamic confinement sustained by gyrotron 
radiation varies from 50 to 300 eV and it is optimal for efficient hydrogen ionization. Due to this 
coincidence it was decided to test the gasdynamic ECR source performance for proton and deuteron 
beams formation. In previous papers [25, 26] it was demonstrated that proton beams with current of 
hundreds of mA could be produced. The latest results are presented below.  

A single-aperture extraction system was used for beam formation in the presented experiments. As 
only two fixed puller holes were available (i.e. 10 and 22 mm in diameter), the optimization of extraction 
electrode configuration was done varying the gap between the electrodes The biggest hole diameter in 
plasma electrode was 10 mm. In this case the optimal gap between electrodes for 10 mm plasma electrode 
aperture appeared to be 6 mm, while the puller hole diameter was 22 mm. The Faraday cup and puller 
currents are shown in Fig. 6(a). The total beam current remains relatively stable at the level of 450 mA 
through 70% of the microwave pulse. Accelerating voltage of 41.5 kV was used. Transversal emittance 
diagram is presented in Fig. 6(b), showing an RMS value of 0.07 π•mm•mrad. 

 
Figure 6. Hydrogen, 10 mm plasma electrode hole (a) Faraday cup and puller currents, (b) RMS emittance diagram. 

The experiments with deuterium were performed under similar conditions. Source settings were 
adjusted slightly from the optimal ones for proton beam to maximize the total current. It was observed 
that the total beam current rapidly reached a value of 400 mA, then slowly increased to 500 mA and 
remain there till the end of the microwave pulse. Accelerating voltage of 42 kV was used. Transversal 
emittance had the same RMS value of 0.07 π·mm·mrad. 

The presented results demonstrate the prospects of the high current gasdynamic ECR source for light 
ion beams production. The maximum RMS brightness of extracted beam reached 100 A/(π·mm·mrad)2. 
The proton (deuteron) fraction in extracted beams was about 94 % as it was shown in [25].  

The extracted beam current could be further enhanced by moving the plasma electrode closer to the 
magnetic mirror and scaling the extraction voltage and geometry appropriately. According to simulations, 
the extracted current may eventually exceed 1 A while maintaining the low emittance. Such result would 
outperform the conventional ECRISs by a great margin. 

 
 

7. CONTINUOUS WAVE OPERATIONAL “GISMO” EXPERIMENTAL FACILITY  
 

The main part of previous experiments was carried out in a pulsed operation mode. Preliminary studies of 
plasma parameters were performed using a CW source with 24 GHz/5 kW gyrotron heating [27]. 
Obtained experimental results have demonstrated that all gasdynamic source advantages could be realized 
in CW operation. To continue development of a CW gasdynamic ion source a new experimental facility 
named GISMO (Gasdynamic Ion Source for Multipurpose Operation) is under construction at the IAP 
RAS. Future facility has been named GISMO (Gasdynamic Ion Source for Multipurpose Operation). This 
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facility is aimed to produce continuous high-current (>200 mA) ion beams with low emittance (<0.2 
π∙mm∙mrad). The scheme of the future experimental facility is show in Fig. 7. The key elements of the 
setup are 28 GHz/10 kW and 37.5 GHz/20 kW CW gyrotrons manufactured by Gycom [28]. These 
microwave generators are equipped with power supplies suitable for CW or pulsed operation. A fully 
permanent magnet magnetic trap is to be used for plasma confinement. Magnetic field configuration was 
designed to be similar to a simple mirror trap close to the system axis with field strength at magnetic 
mirrors of 1.5 T and mirror ratio close to 6. Distance between magnetic mirrors is about 12 cm. For ion 
beam extraction it is planned to use 3 or 4-electrode system with maximum acceleration voltage up to 100 
kV. Such extraction requires development of an appropriate high-voltage insulation of the discharge 
chamber from other parts. In this regard, one of the key elements of the installation is the DC-break of the 
microwave transmission line. It was proposed to implement a quasioptical system shown in Fig. 7. 
Plasma chamber is 30 cm in length and 4 cm in diameter. It is equipped with water cooling along whole 
surface from the coupling system to the flange. 

 
Figure 7. Scheme of the GISMO 28/37 CW high current ion source. 

 
First results at GISMO facility would be published at the end of the year 2018. 

 
 

8. CONCLUSIONS 
 
The presented results demonstrate the main prospects of the gasdynamic ECRIS. This type of ECRIS has 
already demonstrated its benefits for light ion beam production. Further studies could significantly 
increase its performance in multi-charged beam formation. One of the most promising new ion sources 
which may demonstrate all capabilities of gasdynamic confinement is the SEISM, 60 GHz ECRIS at 
LPSC, Grenoble. The Grenoble facility has a number of advantages in comparison with SMIS 37. The 
first is a high repetition rate (up to 2 Hz) which allows better control of plasma parameters due to 
satisfactory wall conditioning. The second is the cusp magnetic field of high intensity (up to 7 T) with 
closed ECR surface. It is the first ion source which can operate effectively in gasdynamic mode having a 
closed-ECR field, which is of great importance for trapping of energetic electrons. Therefore, interesting 
results are foreseen from SEISM source, as it may be the first ECRIS able to operate in-between of 
gasdynamic and traditional collision-less confinement, thus producing high currents and charges. 
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Abstract. A direct synthesis of N-graphene, i.e., nitrogen doped graphene, was achieved in a controllable manner 
using a microwave discharge at atmospheric pressure conditions. Synthesis was obtained in a single-step procedure 
using ethanol and ammonia, respectively as carbon and nitrogen precursors. N-graphene having a ~0.4% doping 
level of nitrogen was achieved by adjusting the pertinent external parameters that control plasma characteristics, 
namely, precursors and background gas fluxes, plasma reactor design, and microwave power. In addition, infrared 
and ultraviolet irradiation of free-standing sheets in the post-plasma zone proved to be an effective tool to tailor the 
sp2 %, the N-doping type, and oxygen functionalities. X-ray photoelectron spectroscopy revealed the relative 
extension of the graphene sheets π-system and the type of nitrogen chemical functions present in the lattice structure. 
Scanning electron microscopy, transmission electron microscopy, and Raman Spectroscopy were applied to 
determine morphological and structural characteristics of the sheets. Optical emission and FT-IR spectroscopy were 
applied for the characterization of the high-energy density plasma environment and of the outlet gas stream. 
Electrical conductivity and electrochemical measurements were also performed for material characterization 
keeping in mind its application in supercapacitors. 

 
 
 
1. INTRODUCTION 
 
The unique properties of graphene, such as high thermal conductivity and electron mobility, extremely 
high surface area, mechanical stability, etc., are now well-understood and recognized through extensive 
research in the past years. Its promising applicability includes areas such as electronics, medicine, light 
processing, environmental remediation, energy production and storage technologies [1−3]. However, 
practical applications of pristine graphene in semiconductor and energy storage technologies are limited 
to some extent due to the lack of band gap in its electronic structure. In order to practically implement 
graphene, it must be functionalized and electrochemically modified. Further theoretical and experimental 
research demonstrated that graphene properties can be drastical and permanently altered by molecular and 
atomic doping, leading to new application opportunities [4−8]. It is known that chemical doping with 
foreign atoms is an effective way to modify and enhance the intrinsic properties of host materials. Among 
various doping agents, nitrogen is a promising candidate because it has an atomic radius comparable to 
that of carbon and it contains five valence electrons available to form strong covalent bonds. Depending 
on the bonding configuration of the nitrogen in the lattice, graphene hybridization state can be changed 
from sp2 to sp3 [8]. 

Numerous methods for the synthesis of graphene and for N-doping graphene, such as chemical vapour 
deposition (CVD), bottom-up syntheses, wet chemical methods, plasma methods, etc., have already been 
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developed [7−9]. The reported techniques can be categorized into in-situ and post-treatment approaches. 
In-situ approaches are distinguished by simultaneous graphene synthesis and N-doping, include CVD, 
ball milling, and bottom-up syntheses. The post-treatment is characterized by modification of previously 
fabricated graphene through nitrogen doping. Post-treatment methods involve wet chemical methods, 
thermal annealing of graphene oxides (GO) with heteroatom precursors and plasma based approaches [7]. 

Despite great progresses made so far, it still remains a challenge to precisely control the doping 
process and to provide sustainability at high processing temperature. In this respect, the strategy to 
synthesize N-doped graphene (N-G) through plasma treatment presents significant advantages. To this 
end, plasma techniques are applied for both the initial synthesis of graphene and for its post-processing [8, 
9]. The reactive plasma medium can provide fixation of different chemical species to the graphene 
structure, thus making the plasma an effective doping tool. Additionally, atmospheric, non-thermal 
plasmas favor low-temperature material processing and do not require sophisticated and expensive 
vacuum equipment. Moreover, plasmas are associated with selectivity in terms of creating definite 
structural defects and to control doping. A direct plasma-based approach for N-G synthesis may involve 
arc discharge between carbon electrodes in the presence of a nitrogen-containing precursor. Successful 
synthesis of N-doped multi-layered graphene by the DC arc-discharge method in an atmosphere of 
ammonia was reported in [10]. In this single step method a 1% N-doping was achieved. However, the 
majority of the plasma induced N-doping relies on post-treatment approaches, commonly treating 
graphene by N2 or ammonia plasma [11−17]. Doping levels in the 5−15 % range at the surface of 
graphene and Highly Oriented Pyrolytic Graphite (HOPG) was achieved by low pressure nitrogen RF 
plasma treatment in [11]. Similarly, a microwave N2-Ar plasma reactor was used for N-doping of free-
standing graphene, with maximum level of 5.6% [12]. Also nitrogen plasmas were applied for doping 
nanoplatelets and then used as a catalyst support for platinum nanoparticles for oxygen reduction 
reactions in proton exchange membrane fuel cells [13]. In addition, N-G based supercapacitors with high 
capacitance (~280 F/g), excellent life number of cycles (> 200,000), high power capability, and 
compatible with flexible substrates were developed in [14]. The N-G was produced by nitrogen plasma 
treatment and had a nitrogen content of 1.68–2.51%. Applications of N-G in direct electrochemistry of 
glucose oxidase and glucose biosensing were studied in [15]. Gas-phase controllable doping of graphene 
by ammonia plasma exposure, with a maximum doping level of 1.5×1013 cm−2, was reported in [16]. 
Having in mind the carbon atom concentration in graphene layers of about 3.8×1015 cm-2 (graphene has 
hexagonal structure with the lattice parameter of 142 pm), the relative concentration of N reported in [16] 
is actually 0.4 %. 

Generally, plasma based post-treatment seems to provide higher level of N-doping as compared to 
direct methods. However, they have some major drawbacks. Firstly, the fact of being a two-step process 
implies it is slower, more complex and expensive, and commonly it is performed at low pressure. 
Secondly, plasma post-treatment affects only the surface of the sample which significantly reduces its 
effectiveness. So, the sample needs to be extremely thin in order to provide uniform distribution of 
dopants. Therefore, the amount of treated material per one charge is very small. The advantage of an in-
situ method for N-G production is that it involves a single-step fabrication of uniformly doped material. 
Consequently, it has a potential to significantly increase the production yield with respect to the post-
treatment methods. 

In the present work, in-situ direct synthesis of free-standing N-G flakes was achieved in a single step 
process in a microwave plasma working at atmospheric pressure conditions. To improve the sp2/sp3 
carbon ratio and to decrease the oxygen impurities of the produced N-G, flakes were irradiated by 
infrared (IR) and ultraviolet (UV) radiation. The so obtained material was characterized using Raman 
spectroscopy, scanning electron microscopy (SEM), transmission electron microscopy (TEM), and X-ray 
photoelectron spectroscopy (XPS). Keeping in mind the application of N-graphene in supercapacitors, 
electrical and electrochemical characterizations were also performed. The plasma medium was analyzed 
by optical emission spectroscopy (OES) and exhaust gases were detected by Fourier-Transform Infrared 
spectroscopy (FT-IR). 
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2. EXPERIMENTAL SETUP AND SYNTHESIS METHOD 
 
The discharge is sustained at atmospheric pressure conditions by a 2.45 GHz surface wave, whose 
microwave typical components are shown in the sketch depicted in Fig. 1: a 2 kW-generator, a circulator 
with water-load, a 3-stub tuner, a waveguide-surfatron (launcher) [17], and a short-circuit. The discharge 
takes place inside a tapered diameter, fused silica tube (internal/external diameters: id/od = 15−43/18−46 
mm), inserted vertically and perpendicularly to the waveguide wider wall. A thinner fused silica tube 
(id/od = 4/6 mm) is used to introduce precursors in vapor phase, currently a 4wt. % solution of ammonia 
in ethanol, into the discharge zone. Vaporization is achieved by bubbling argon, at a flow rate QAr+Et/Am = 
50–120 sccm, through ammonia/ethanol inside a thermostatically controlled tank. Argon, at a flow rate 
QAr = 1200 sccm, is additionally injected between the two tubes mentioned above. Argon flow rates are 
controlled by mass flow controllers. 

For an increased control over the synthesis process, namely to improve the structural quality of the 
assembled flowing nanostructures, the gas-phase zone was irradiated by IR radiation. IR lamps, located 
immediately after the end of the plasma zone (15−30 cm downstream from the launcher), were powered 
by an adjustable supply, and the wall temperature of the discharge vessel was monitored by a thermal 
imaging camera (FLIR E60). The N-G flakes, before being collected mainly inside a glass container by a 
cyclone system, have been irradiated by UV lamps (4 W; 300–400 nm) to further modify their structural 
properties. 

 

 
Figure 1. Sketch of the experimental setup. 

 
The experimental setup comprised two main in-situ diagnostics: i) the output gas stream was directed 

to a FT-IR spectrometer (Thermo Nicolet 5700) and absorption spectra were analyzed in the 1000–
4000 cm-1 range, which enabled the identification of exhaust gases; ii) the plasma emission spectra in the 
200−900 nm range were analyzed by OES (Jobin-Yvon Spex 1250 spectrometer with 1200/2400 mm-1 
gratings and a CCD camera) to monitor in real time the main "building units", i.e., carbon and nitrogen 
species. 

Before being launched into the atmosphere, exhaust gases had to pass by a water-trap and a NaOH 
bath intended to capture, respectively, remaining N-G flakes and HCN. 
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3. RESULTS 
 
3.1. Plasma and output gas stream. The emission spectrum of Ar/ethanol/ammonia plasma was 
recorded in the 200–900 nm range. As a result of the decomposition of the ethanol/ammonia, new 
molecular and atomic species could be detected, such as CN, by the violet system (B2Σ+ → X2Σ+) 
between 350–420 nm, C2, by the Swan system (A3Πg → X´3Πu) between 450–570 nm, hydrogen, e.g. the 
Balmer-alpha line Hα (6563 Å), and several Ar lines. 

The plasma presents a typical blue-green color due to C2 emission generated by the radiative decay of 
the C2

*(A3Πg) state. Due to the low energy threshold (Eext = 2.4 eV), ground state C2 molecules can easily 
be excited to this level either by electron impact [18]: 

C2(X) + e → C2
*(A3Πg) + e,     (1) 

or by three body recombination processes involving carbon (C) and argon (Ar) atoms: 
C + C + Ar → C2

*(A3Πg) + Ar.     (2) 
CN species are formed in a three-body recombination reaction:  

C + N + Ar → CN*(B2Σ) + Ar.     (3) 
Intensities of the Q1 branch of the OH band were used to estimate the rotational temperature, which at 

atmospheric pressure conditions is usually assumed to be equal to the gas temperature. The rotational 
temperature at an axial position z = 2.5 cm from the launcher, estimated using the classical Boltzmann 
plot method (spectrum in the 307.5–315 nm range; QAr = 1200 sccm, QAr+Et/Am = 100 sccm, P = 2 kW) 
was T ≈ 3790 K. It should be noted that the fused silica tubes of the discharge vessel became readily 
devitrified but without a clear indication of softening, meaning that maximum wall temperatures are in 
the 1400–1940 K range, which we think corroborates the gas temperature value presented above. 
Thermographic results suggest temperatures slightly below 1000 K close to the exit of the inner fused 
silica tube, but we consider such values unreliable because radiation had to cross the cooler, semi-
transparent outer tube. 
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Figure 2. FT-IR analysis of the argon/ethanol/ammonia outlet gas stream with the plasma turned off and on for different flow 

rate of argon bubbling through the ethanol/ammonia mixture. 
 
FT-IR analysis of the argon/ethanol/ammonia outlet gas stream has been performed when the plasma 

was turned off and on (see Fig. 2). The absorption spectra detected without plasma showed spectral lines 
at around 2900 and 3700 cm-1, which correspond to ethanol molecules and lines around 1000 cm-1, which 
are characteristic for ammonia. When the plasma is ignited, these lines are no longer present in the 
spectrum, which demonstrates that the ethanol and ammonia molecules were decomposed in the argon 
plasma environment. Instead, the absorption peak of CO at around 2170 cm-1 and of C2H2 at around 720, 
1350 and 3300 cm-1 are detected. Note that HCN may also contribute for absorptions at around 720 and 
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3300 cm-1 (a precise calibration is required). As can be seen in Fig. 2, an increased flow of precursors 
leads to an increase of the CO and C2H2/HCN concentrations in the exhaust plasma gas. 

 
3.2. Material characterization. The results shown in the continuation were obtained under the following 
discharge conditions: QAr = 1200 sccm, QAr+Et/Am = 120 sccm, and P = 2 kW, which lead to a N-G yield 
of 1.3 mg.min-1. 

SEM characterization of samples, deposited on a double-sided carbon tape mounted on an aluminum 
stub, has been performed using a JEOL, JSM-7001F field emission gun scanning electron microscope 
operating in secondary electron imaging mode (SEI) using a 15kV accelerating voltage. For TEM 
characterization, a Hitachi H8100 TEM, operating at a 200 kV accelerating voltage, was used. N-G flakes 
were placed directly onto the TEM copper grid. SEM images of the samples presented the usual curved, 
tiny structure with the paper-like look characteristic of graphene. SEM and TEM images did not show a 
noticeable change of the morphology of samples after irradiation by IR and IR + UV. 

Following recent theoretical and experimental findings [19−24], we used Raman spectroscopy to 
analyze structural parameters of N-G samples. Samples were freely standing over a glass substrate and 
the Raman spectra from different regions on the substrate were obtained using a LabRAM HR Visible 
(Horiba Jobin-Yvon) Raman spectrometer with 1 cm-1 spectral resolution and a 633 nm He-Ne laser 
excitation with laser spot size of 2 µm. Measurements were performed at a laser power of Pl = 0.054 mW 
to avoid overheating. The resulting spectra are presented in Fig. 3 (A−C). 
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Figure 3. Raman spectra of N-G from three randomly chosen positions in the samples: (A) unirradiated sample; (B) submitted 

to IR irradiation; (C) submitted to IR and UV irradiation. 
 

As can be seen in the above figures, spectra present three main peaks, assigned to D, G, and 2D bands, 
respectively at about ~1332, 1583, and 2658 cm−1. In the case of the unirradiated sample (Fig. 3A), the 
D/G peak intensity ratio for three positions varies from 0.26 to 0.83, while 2D/G ratio varies from 1 to 1.2, 
which suggests that the sample was not homogeneously doped. A similar result is observed in Fig. 3B for 
samples IR-irradiated. Conversely, in the case of simultaneous IR and UV irradiation (Fig. 3C), the D/G 
ratio increased (~ 0.9) and remained almost constant along the sample. 

N-G flakes were characterized by X-ray photoelectron spectroscopy using a KRATOS XSAM800 
spectrometer with incident X-radiation from a Mg Kα source (1253.6 eV). Operating conditions and 
spectra acquisition parameters are detailed elsewhere [25]. Samples were mounted on the XPS holder 
with a double face tape. No silicon was detected discarding any interference of the tape spectrum. No 
charge correction was needed, since the C 1s main peak, detected at 284.4 ± 0.1 eV, is typical of aromatic 
C-C or C-H in graphene [26]. The sensitivity factors (from Vision 2 library) used for quantification 
purposes were 0.318 for C 1s, 0.736 for O 1s and 0.505 for N 1s. 

Ex-situ XPS analysis was used to determine the elemental composition of synthesized samples, and to 
identify the chemical bonds and the relative extension of the delocalized system. The survey XPS 
spectrum presented in Fig. 4 exhibits peaks at about 284.5, 400, and 533 eV, which can be assigned to the 
C1s, N1s and O1s lines, respectively. The C KLL Auger region is also present. 
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Nitrogen is present in all the samples. N 1s peaks were analyzed in detail by fitting three contributions 
centered at 398.7 ± 0.3 eV, 400.2 ± 0.3 and 402.3 ± 0.1 eV attributed, respectively, to pyridinic, pyrrolic 
and graphitic nitrogen [26]. Results are shown in Table 1, where we can see that IR + UV irradiation 
increases the relative amount of pyridinic and pyrrolic N-bonding, and, conversely, decreases graphitic 
one. 

 

 
Figure 4. Survey XPS spectrum. 

 
Similar deconvolution processes were applied to C 1s peaks, namely to quantify the relative amount of 

sp2 carbon atoms (main peak at 284.4 ± 0.1 eV in highly delocalized C-C bonds) and energy losses 
associated to π-π* excitations (287–295 eV, overlapping much less intense peaks assigned to carbon-
oxygen bonds, e.g. epoxide, carbonyl, carboxylate). Overall results of the composition of the analyzed 
samples are presented in Table 2, where we can see that simultaneous IR and UV irradiation leads to an 
increased doping level (N/C = 0.39%), a decreased level of oxidation (O/C = 1.5%), and an increased 
percentage of sp2 carbon (70.9%). We believe that the observed decrease in the amount of oxygen is due 
to UV irradiation at 300–400 nm. 

 
Table 1. Atomic concentrations (%) 

 

Table 2. Atomic ratios 
 Unirradiated IR IR+UV  Unirradiated IR IR+UV 

C 98.0 97.7 98.1 N/C 0.0033 0.0023 0.0039 
O 1.8 2.1 1.5 O/C 0.018 0.021 0.015 

N 
Pyridinic 0.10 0.11 0.14 N/O 0.19 0.11 0.25 
Pyrrolic 0.10 0.07 0.21 sp2 (%) 69.9 70.4 70.9 

Graphitic 0.13 0.04 0.04  
 
The electrical conductivity of N-G was measured applying the Van der Pauw method [27] at room 

temperature to disc-shaped pellets of 8 mm in diameter. Although the same maximum pressure (27 MPa) 
has been applied to all discs, the resulting thicknesses were not the same (1.2–3.2 mm) due to differences 
in the amount of flakes. Results are presented in Table 3, where we can see that there is a strong 
correlation between conductivity and density values. Nevertheless, differences in conductivity also arise 
from the different composition of pellets, namely the percentage of pyridinic and pyrrolic nitrogen as well 
as the oxygen content, which lead to a decrease of conductivity. We would like to emphasize that 
electrical conductivity values obtained in the current work are much higher than the one obtained for 
graphene produced by chemical methods, which demonstrates the advantages of the plasma synthesis 
method [28]. 
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Table 3. Longitudinal, electrical characteristics 

Samples Density (g/cm3) ρ (Ω.cm) Conductivity 
(S.m-1) 

Unirradiated 1.25 0.032 3125 
IR 1.14 0.06 1666 

IR+UV 1.2 0.04 2500 
 
N-G samples submitted to IR and UV irradiation were tested as electrodes in actual supercapacitor 

applications by performing cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and 
Electrochemical Impedance Spectroscopy (EIS) in 1 M H2SO4 electrolyte. Measurements were performed 
in a three-electrode electrochemical cell using Pt and Standard Calomel Electrode (SCE) as counter and 
reference electrodes, respectively. 

The CV curves, obtained in the potential window of 0–0.8 V vs. SCE at varying scan rates, evidence 
an almost perfect rectangular behavior, as expected for a material storing charge thanks to an electric 
double layer (EDLC) mechanism. The nearly rectangular voltammogram also indicates the absence of 
resistive features, meaning that N-G possesses very high electronic conductivity. Anodic and cathodic 
currents increase as the scan rate was increased, which accounts for the occurrence of highly reversible 
electrochemical processes at the electrode/electrolyte interface, a behavior that was perfectly retained 
even at the highest scan rate (400 mVs-1). Such rectangular features and high reversibility can be 
attributed to the high and easily accessible active surface area of the N-G. 

GCD measurements were also performed by applying current densities in the 0.1–1 Ag-1 range. A 
linear charge and discharge behavior at all current densities confirms the EDLC mechanism of charge 
storage. It is worth to mention that curves evidence a coulombic efficiency of 100% and do not show any 
internal resistance drop, which confirms that N-G possesses very good electronic conducting properties. 
The specific (gravimetric) capacitance, Cs, was calculated as: 

Cs = (I ∆t)/∆V       (4) 
where I is the current density (Ag-1), ∆t is discharge time (s), and ∆V is working potential window. A 
specific capacitance of 8.87 Fg-1 was obtained at current density of 0.1 Ag-1, and capacitance was ~100% 
retained while the applied current was increased up to 1 Ag-1. Despite the fact of having low specific 
capacitance, such materials can be used to formulate composites to enhance the electronic conductivity of 
redox based metal compounds, which generally possess high resistive nature and require improvement in 
the overall performance for supercapacitor/energy storage devices [29]. The specific capacitance of this 
material can be further increased by optimizing pore size distribution and by increasing the nitrogen 
doping level, which is an ongoing work. 
 

 
Figure 5. Equivalent circuit diagram: series resistance, Rs, charge transfer resistance, Rct, constant phase element, CPE, 

Warburg element, Wo. 
 
EIS was performed at open circuit potential to study the resistive nature of the synthesized N-G. From 

the obtained spectra, the parameters of the suggested equivalent circuit (see Fig. 5) could be fitted: Rs = 
1.49 Ω cm2; Rct = 0.045 Ω cm2; CPE = 0.98 n; Wo = 0.386 Ω cm2 @ n = 0.51. We wish to emphasize the 
very low values of the charge transfer and Warbug resistances, as well as the high value of the constant 
phase element, which indicates an almost ideal supercapacitor response. 
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4. CONCLUSIONS 
 
The microwave plasma-based method was applied for direct synthesis of free-standing N-graphene sheets 
at atmospheric pressure conditions. A nitrogen doping level of 0.4% has been obtained in a single step 
procedure using ethanol and ammonia, respectively as carbon and nitrogen precursors. The method is fast, 
highly cost-efficient, and does not depend on catalysts, vacuum systems and multistep, cumbersome 
procedures. Results show that applying infrared and ultraviolet irradiation to the flow of free-standing 
sheets in the post-plasma zone leads to changes in the percentage of sp2 %, N-doping type, and oxygen 
functionalities. A detailed study on the nature of these changes is under way. The main advantage of the 
approach presented here is the control over the energy and material fluxes towards growing 
nanostructures via proper reactor design and tailoring of the plasma environment in a synergistic way.  

Electrodes assembled with the produced N-graphene showed good electrochemical response with 
negligible interfacial resistance, even considering that the percentage of N-doping was low, which is a 
very interesting result for supercapacitor applications. 

By optimizing the microwave plasma reactor performance, along with a detailed modelling of the 
plasma environment, a well controlled synthesis of carbon/nitrogen atom lattices can be generated. 
Further investigations are underway in these directions, including the use of other carbon/nitrogen 
precursors such as methane, air, pyridine, etc., to achieve further advancements in this technique and to 
increase the yield along with a reduction of the production cost, namely by scaling-up the plasma reactor. 
Focus will be kept on achieving an optimum balance between yield and level of doping vs. bond 
configuration. 

The method is highly scalable and versatile: i) precursors can be used in liquid, gas, and solid state; ii) 
different graphene derivatives can be synthesized using the same plasma reactor. 
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Abstract. Argon plasma torch sustained by travelling electromagnetic wave excited by surfatron type wave launcher 
at 2.45 GHz is studied in terms of its potential use for biomedical applications. These plasma sources allows varying 
of the: geometrical parameters (length, diameter, cross section of the discharge tube), main plasma parameters (wave 
power, electron and gas temperatures, concentration of charged particles and reactive species, UV and microwave 
radiation), gas and gas mixture parameters (flow velocity, gas mixture ratio). The fact that we are able to vary these 
parameters allows us to sustain low temperature plasma torch (with gas temperature up to 30–37оС) applicable for 
treatment of temperature sensitive materials and even leaving tissue. Investigation is focused on the dependence of 
the plasma torch length and gas temperature on the discharge conditions; the treated surface heating by the plasma; 
the reactive species in the torch. Some examples of the MW plasma torch biomedical applications are also included. 

 
 
1. INTRODUCTION 
 
Cold plasma has proven to be an innovative approach for tackling important medical and biological 
problems. Plasma medicine is a promising field that combines plasma physics and life sciences. Plasma 
medicine is defined as the application of physical plasma for medical purposes. This multidisciplinary 
field of science inspires researchers to develop suitable for the given medical need plasma sources [1–3]. 
For this purpose two main concepts of plasma devices that can vary configuration and design are most 
investigated: the Dielectric Barrier Discharge (DBD) and the Atmospheric Pressure Plasma Jet’s (APPJ) 
[4–6]. They are both considered as Cold Atmospheric pressure Plasmas (CAP) sources. By applying 
electrical energy to a noble gas (He, Ar, N2 or their mixtures) hot electrons are produced but the ions and 
molecules remain with low kinetic energy. Both concepts have a variety of designs, which follow two 
simple principles: are cold (< 40oC) at sample contact point and are stable under atmospheric conditions. 
The precise mechanism of plasma interaction with different biological objects is not completely clear. It 
is well known that CAP produce Reactive Oxygen Species (ROS), and Reactive Nitrogen Species (RNS), 
which are then transferred to the cell through liquid phase reactions [7]. Other plasma components that 
can influence biological responses are UV radiation, electric field/current, electrons and ions. This unique 
combination of plasma active components provides a broad spectrum of application in life sciences. A 
large variety of effects is discovered, of which a few are well established [8]: 1) decontamination of a 
large number of microorganisms; 2) acceleration of wound healing; 3) plasma induced cancer cells 
apoptosis. Clear evidences, such as bacteria decontamination of microflora on skin and sterilization of 
live rat model wound have been reported. Cold plasma treatments seem to be very effective for 
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disinfection purposes eradicating even fungal pathogens. Wound healing is another area of interest, in 
which a lot of progress has been done. It is believed that plasma treatment influences the genetic 
pathways of cells thus accelerating blood vessel formation and wound healing. Studies prove the 
elevation of tissue generation factors after plasma treatment of wounds and show signs of reduced 
inflammatory processes.  

Both the DBD and APPJ are well-investigated plasma sources. Various methods of investigation are 
proposed for plasma diagnostics. Mass spectrometry, TALIF spectroscopy, UV-VIS emission and 
absorption spectroscopy are part of the techniques used for diagnostics. Few atoms and molecules are of 
the highest interest: OH radicals and hydrogen peroxide molecules H2O2 because of their key role in 
biological processes; NO, which also plays a crucial role in a large number of cellular pathways, 
especially regarding wound regeneration; atomic oxygen because of the high oxidative potential. 
Discharges operating in pure gases (Ar, He, N2) or mixtures react with the air to form the given 
molecules. Some devices operate directly in air as a working gas. Unfortunately, for both configurations 
contact with the treated object is in the region of the effluent after the active zone of the discharge.  

In this work we are investigating a well know microwave surface-wave-sustained discharge (SWD) for 
potential biomedical applications. The plasma is sustained by 2.45 GHz electromagnetic wave excited by 
a wave launcher surfatron type in Argon at atmospheric pressure. The discharge conditions have been 
optimized in order to obtain a steady-state Argon plasma torch with gas temperature less than 40°C. High 
resolution optical emission spectroscopy is used for diagnostics of reactive molecules that can activate 
biological responses. Determination of the gas temperature at the treated surfaces was done by using an 
IR camera. Some examples of surface-wave plasma torch bio-medical applications as decontamination of 
microorganisms and enhancing wound healing in live mice models are shown.  
 
 
2. EXPERIMENTAL 
 
The experimental set-up is schematically presented in Fig. 1. Solid-state microwave generator at 2.45 
GHz (Sairem, GMS 200 W) was connected by coaxial cable to the commercial electromagnetic surface 
wave resonator (Sairem, SURFATRON 80). Argon discharge was created inside a quartz tube (with real 
dielectric permittivity εr = 3.2541 and imaginary εi = 0.0062) with dimensions 8 mm outer diameter to 3 
mm inner diameter. Working gas was argon 5.0 (purity of 99.999%) at constant mass flow 2 l/min 
controlled by Omega FMA-A2408 mass flow controller. The system axis was installed vertically with the 
gas flow from top to down (see Fig. 1). 

 

 
 
 
 
 
 
 
 
 
Figure 1. Scheme of the experimental set-up. 1 – gas tube; 
2 – mass flow controller; 3 – quartz tube; 4 – coaxial 
cable; 5 – surfatron; 6 – antenna; 7 – plasma torch; 8 – xyz 
movable optical line (composed from parts 9–11); 9 – 
black rectangular light guide; 10 – quartz lens; 11 – yellow 
optical filter (optional); 12 – multimode quartz optical 
fiber. 
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Optical emission spectroscopy (OES) was used for diagnostics of the plasma torch. A quartz lens 
(diameter – 25 mm, focal length – 35 mm) focused light emitted from the discharge to a multimode 
optical cable connected to a spectrometer (TRIAX 550). A 3600 gr/mm grating (holographic blazed for 
150–450 nm) was used for measurement of OH (A→X) 0-0 band (306.0–310.8 nm) intensity from which 
the rotational temperature was calculated using Boltzmann plot technique. The 1200 gr/mm grating 
(ruled, blazed at 550 nm) was used for registering of the Ar* spectra. From the integral intensity of 
several argon lines: 603.21, 667.73, 675.28, 687.13, and 714.70 nm with constants given by NIST the 
excitation temperature of Argon atoms is calculated. Experiments were conducted for series of applied 
microwave power of 15, 20 and 25 W.  
 
 
3. RESULTS 
 
3.1. Analysis of plasma torch temperature and length as function of the gas flow and applied power. 
The Argon gas flow was fixed to 5 l/min and three discharge tubes with outer diameter of 8 mm and 
varying inner diameter as 2, 3 and 4 mm were used in this experiments. 
 

(a) (b) 

Figure 2. Plasma torch temperature (a) and length (b) as function of power for fixed gas flow and different discharge 
tubes. 

 

       

Figure 2(c). Plasma torch at lower power (left) and 
formation of second filament at higher power (right).  

Figure 3. Gas flow effect on the torch temperature. 

 
The dependence between the plasma torch temperature at a fixed axial position and the applied 

microwave power is presented in Fig. 2a. It is well visible that for tubes with higher inner diameter the 
temperature is significantly lower at the same wave power. The well-known almost linear increase of the 
plasma length with increasing the MW power is obtained at low powers (Fig. 2b). Appling higher 
microwave power results in deviation from the linear increase and formation of a plateau or decreasing 
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region. This is due to appearance of a second filament with wave power increasing (Fig. 2c). At low inner 
diameter (2 mm) we observed appearance of the second filament at wave power higher than 16 W; at 3 
mm inner diameter of the discharge tube, the second filament is formed at powers higher than 20 W. 
Configuration with the biggest inner diameter investigated here extends linearly the length of the torch 
and does not forming second filament up to wave power of 28 W. From Fig. 2 we conclude that at low 
power around 6–8 W the temperature of the plasma torch is lower than 40oC and the torch has significant 
length which allows treatment of various thermo-sensitive materials. The variation of the gas temperature 
of the plasma torch with the wave power at different gas flow rates is further investigated for 8/3 mm 
tube. The results presented in Fig. 3 show clearly decreasing of the gas temperature with increasing the 
gas flow. We assume that the higher gas flow results in creation of turbulence, which cools the plasma 
torch.  
 

 
Phantom model of human skin, pigskin, and agar plates were used for further temperature 

investigation. IR images of the different objects during plasma treatment further confirm the idea that 
higher gas flows cool the plasma torch. 

The plasma torch is sustained with applied power of 9 W and gas flow of 6 l/min in 8/4 mm discharge 
tube. The thermal camera images of agar plate are presented in Fig. 4. Figure 4a shows the temperature of 
the agar before plasma treatment and its maximum is about 24°C. The IR images during 30 s plasma 
treatment (Fig. 4b) and immediately (up to 15 s) after treatment stopping (Fig. 4c) show that two spots are 
formed under the torch: a hot spot denoted as EI1 and a cold one EI2. The cold spot is formed at the 
region of the treated surface, which is touched by the plasma torch. Its maximum temperature is even 
lower than the agar temperature before treatment being about 22°C during the treatment and decreasing 
very fast to about 19°C after stopping it. One not yet understood problem is the appearance of the hot spot 
by hot Argon flow on the side where the plasma torch touches the dielectric wall. Its temperature is much 
higher than the plasma torch temperature at the same conditions reaching about 35°C and 30°C after 
stopping it.  

The results are consistent with obtained during treatments of pigskin. Patches of pigskin 5×5 cm2 were 
treated for 10 s with 10 W of applied power for different gas flows. Increasing the Argon flow rate from 2 
l/min to 4 l/min and then to 6 l/min we obtain decrease of the maximum temperature of pigskin from 68.9 

to 41.2°C and then to 32.6°C at 
the highest flow rate. 

A phantom model with the 
same properties as the human skin 
was treated by the plasma torch 
produced in 8/3 mm discharge 
tube with applied power of 9 W 
and Argon gas flow 8 l/min. The 
phantom has a cubic form and the 
discharge was positioned to treat 
the center area of the cube. Five 

 
(a) (b) (c) 

Figure 4. Petri dish with agar: (a) before treatment; (b) during treatment; (c) after treatment. 

 
(a) 

 
(b) 

Figure 5. Phantom temperature: (a) before and (b) after plasma treatment. 
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minutes treatment time was enough to obtain a well distinguished hot spot with temperature 29.4°C (Fig. 
5b) while the initial temperature is 21.1°C (Fig. 5a). The position of the spot is at the cube edge 
suggesting that the plasma column itself is cold but the Ar gas, which flows between the plasma and the 
dielectric tube is hot. Increasing the gas flow leads to lower heat transfer because of the turbulence. In 
that case the plasma column is moving inside the tube and is in contact with different parts of the tube and 
Argon gas thus cannot heat only a small part of the tube and the Argon to very high temperatures.  
 
3.2. Spectroscopic investigation of the active species in the plasma torch, electron excitation and 
rotational temperatures. The dissipation of the electromagnetic wave sustaining the torch leads to its 
axial inhomogeneity. The axial distribution of the electron excitation temperature as function of the 
applied wave power for given gas flow is presented in Fig. 6. 
 

(a) (b) (c) 
Figure 6. Electron excitation temperature variation with the wave  power at: (a) 2 l/min; (b) 4 l/min; (c) 6 l/min. 

 
Nearly liner decrease in the electron excitation temperature along the plasma torch was observed in all 

of the experimental conditions. Increasing the applied MW power also increases the electron excitation 
temperature. 
 

(a) (b) (c) 
Figure 7. Integral intensity of NO-gamma 0-2 in the 244.5–248.0 nm band at: (a) 2 l/min; (b) 4 l/min; (c) 6 l/min. 

 
The dependence of the integral intensity of NO-gamma 0-2 as function of power for given gas flow is 

presented in Fig. 7. One can see that at the lowest gas flow of 2 l/min the intensity increases at the tip of 
the plasma torch while at higher flow rates (Fig. 7b, c) it remains almost constant. At flow of 2 l/min the 
plasma torch looks to be a relatively homogenous needle and because of that the interactions with 
nitrogen from the air are with higher probability at low flows. Increasing the flow creates turbulences and 
the plasma no longer had needle-like structure, which leads to less nitrogen reactions at the tip of the 
torch. 

Atomic Oxygen intensity variation with wave power for given gas flow is presented in Fig. 8. Increase 
in the intensity at higher wave power is observed at all gas flow rates. Generally, the atomic Oxygen 
intensity is higher at lower Argon flow and the reason can be the same as in the case of NO, keeping in 
mind that it is produced by reactions of the Argon plasma torch with the Oxygen in the ambient air. 
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(a) (b) (c) 
Figure 8. Variation of integral О 776 nm line intensity with wave power at different gas flow: (a) 2 l/min; (b) 4 l/min;  
(c) 6 l/min. 
 
OH integral intensity presented in Fig. 9 shows strong dependence on the applied power for higher gas 

flows (Fig. 9b, c). At low gas flow increasing the applied microwave power does not change the intensity 
of the band emission (Fig. 9a). 
 

(a) (b) (c) 
Figure 9. Integral intensity of  OH(A→X) 0-0 in the 306.0–310.8 nm band variation with the wave power at Argon gas 
flow: (a) 2 l/min; (b) 4 l/min; (c) 6 l/min. 

 
Above results show that because of Argon microwave plasma torch interaction with ambient air we 

can detect the same molecules that are controlling basic biological processes inside the human body and 
nature. Higher gas flow reduces the temperature of the treated object at the contact point between the 
plasma and the samples.  

We have also investigated the variation of the same species intensities with the gas flow rates at fixed 
microwave power of 15 W. The results at 2, 4 and 6 l/min Argon flow are presented in Fig. 10. We have 
observed increasing of the OH band intensity at gas flow of 6 l/min (Fig. 10a) while the intensity at 4 
l/min is even lower than at 2 l/min. Further investigations are needed for understanding the mechanism of 
OH radical creation by the MW torch. Atomic oxygen intensity is not significantly influenced by the gas 
flow change (Fig. 10b). The same is observed also for the electron excitation temperature shown in Fig. 
10c. The intensity of NO-gamma band intensity increases around the tip of the discharge at lower gas 
flows, and remains almost constant at 6 l/min, which can be explained by the plasma interaction with the 
atmosphere. 

The axial distribution of the rotational temperature obtained from the OH (A→X) 0-0 band (306.0–
310.8 nm) intensity is presented in Fig. 11. One can see that with increasing the gas flow the rotational 
temperature decreases. Even so the temperature is far from being close to the electron temperature or the 
gas temperature measured by the IR camera. This means that the microwave plasma torch is strongly non-
equilibrium. Conventional method of using the OH rotational temperature to determine the gas 
temperature of CAP cannot be applied to our discharge. For precise determination of the gas temperature 
using optical emission spectroscopy a self-consistent model is needed taking into account all of the 
processes in the discharge kinetics and the electrodynamics of electromagnetic wave propagation and 
sustaining the plasma torch. 
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(a)                                                                                (b) 

 
                                           (c)                                                                       (d) 

Figure 10. Variation of: (a) OH (A-X) 0-0 band integral intensity; (b) atomic oxygen О integral intensity; 
(c) electron excitation energy of Ar; (d) integral intensity of NO-gamma band with Argon gas flow at 
applied power of 15 W. 

 

 
Figure 11. OH rotational temperature variation with gas flow. 

 
The axial distribution of the rotational temperature obtained from the OH (A→X) 0-0 band (306.0–

310.8 nm) intensity is presented in Fig. 11. One can see that with increasing the gas flow the rotational 
temperature decreases. Even so the temperature is far from being close to the electron temperature or the 
gas temperature measured by the IR camera. This means that the microwave plasma torch is strongly non-
equilibrium. Conventional method of using the OH rotational temperature to determine the gas 
temperature of CAP cannot be applied to our discharge. For precise determination of the gas temperature 
using optical emission spectroscopy a self-consistent model is needed taking into account all of the 
processes in the discharge kinetics and the electrodynamics of electromagnetic wave propagation and 
sustaining the plasma torch. 
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3.3. Effects of microwave plasma torch treatment on selected examples of biological systems. The 
plasma torch is applied for direct treatment of (i) bacteria for investigation of its bactericidal effect; (ii) 
mouse wound for the possible effect in wound healing. 

(i) A bacterial strain Pseudomonas sp. AP-9 was used as a suitable model of pathogenic Gram negative 
bacteria. Thick layers of Pseudomonas with density from 2×107 to 6×109 cells/ml in agar plate were 

treated directly by the plasma torch. The 
sterilization effect dependence on the 
discharge conditions was studied by 
varying the wave power from 14 to 22 
W and the treatment time from 3 to 20 
s. In Fig. 12 well-presented completely 
sterilized zones can be seen (dark zones 
on the right). For comparison the non-
treated control without such zones is 
presented on the left photo. The 
sterilized zones diameter depends on the 
wave power and treatment time which 
is shown in Fig. 13. The diameter of the 
plasma torch is about 2 mm and that of 

sterilized zones can be more than 1 cm with no movement in radial direction during the treatment. The 
sterilized zones diameter increases with increasing the treatment time but does not depend significantly 
on the wave power and is bigger at lower bacteria concentration (compare Fig. 13a and b). The 
sterilization was complete, without any survived colonies and stable (confirmed by more than 168 h 
monitoring). 
 

 
(ii) Some preliminary results of mice wound healing by MW plasma torch treatment are obtained. The 

wave power was fixed to 9 W and Argon flow was 7 l/min. The treatment was organized in series: first 
day 45 s, next three days 15 s each with 24 h interval between treatments. In Fig. 14 the effect on wound 
closure is presented. The left wound is treated by the plasma torch and the right one is untreated control. 
The time necessary for wound closure is normally about 3 weeks. As one can see, after a week the treated 
wound is almost closed. Wound treatment in series with short treatment time accelerates wound closing 
with days. This effect needs further investigation with various different schemes of the series but the very 
positive results show the applicability of the microwave plasma torch for such applications. 
 

 
Figure 12. Control (left) and plasma treated agar plates (right) inoculated 
with Pseudomonas sp. AP-9. 

 
(a) 

 
(b) 

Figure 13. Diameter of sterilization area at various wave power and treatment time at Pseudomonas 
concentration: (a) 6×109 cells/ml and (b) 2×107 cells/ml. 
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(a) 
 

(b) 
 

(c) 
Figure 14. Effect of mouse wound treatment by MW plasma torch: (a) Day 1; (b) Day 4; (c) Day 7. 
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Abstract. For optimization of CO2 conversion in microwave plasma for industrial applications as well as for in-
depth understanding of the key processes in plasma and its main parameters, such as the electron temperature, gas 
temperature, vibrational excitation, etc. the energy delivery in a particular plasma system is of a great importance. In 
this work the recent results obtained in our group and related to the various spectroscopic diagnostic techniques 
applied for optimization of the microwave plasma parameters aiming at the increase of CO2 conversion and its 
energy efficiency are presented. The in-situ diagnostic methods including optical spectroscopy and laser-induced 
fluorescence have been implemented in a microwave plasma discharge and post-discharge regions for non-intrusive 
time-resolved characterization of the mechanisms responsible for efficient gas decomposition. A decisive role of the 
plasma power modulation, gas heating, and gas residence time for optimization of the CO2 conversion is 
demonstrated. The combination of the obtained plasma diagnostic results with the plasma catalysis approach should 
further increase the area of applicability of non-equilibrium microwave discharges for CO2 conversion bringing 
them on a highly competitive level, including future industry-grade greenhouse gas conversion systems. 
 
 
 

1. INTRODUCTION 
 
The basic green energy activities include reduction of greenhouse gas emission, in particular the emission 
of CO2, development and implementation of the green energy sources, as well as local conversion, 
reforming and utilization of the greenhouse gases. The last activities are represented by the well-known 
carbon capture and storage (CCS) and carbon capture and utilization (CCU) paradigms being under 
intensive development during the last decades [1, 2]. Among the approaches suitable for local greenhouse 
gas conversion, in particular for conversion of CO2, the plasma-assisted conversion based on the 
decomposition of the molecules of interest in low-temperature discharges is of a special interest. The 
efficiency of such a conversion depends on various factors, such as proper choice of the plasma source, as 
well as its further optimization. The plasma optimization in this case implies first of all tuning the 
fundamental physical parameters, such as electron density and temperature, vibrational excitation of the 
involved molecules, discharge pressure, residence time of the particles in the active discharge zone, etc. 
For a successful optimization the plasma source has to be characterized in details, preferably using non-
intrusive in-situ plasma diagnostics methods often combined with modeling [3]. 

Since 1970s the utilization of low-temperature discharges is considered as a promising approach for 
molecular gases decomposition [4, 5], which can be applied in particular for CO2 reforming. It is well-
known that the low-temperature discharges are the unique media where selectivity towards various 
plasma chemical processes can be realized [5, 6]. This is the result of a strong non-equilibrium between 
the main degrees of excitation in plasma, namely the electronic, translational, rotational, and vibrational 
ones. At the same time, as also shown previously, the vibrational excitation is particularly crucial for 
molecular dissociation in many cases, including the CO2 case [6, 7]. A decisive role belongs here to the 
low-temperature microwave (MW) discharges where up to 90% of the applied electro-magnetic field 
energy is absorbed by plasma electrons further transmitting their energy to the vibrationally-excited 
molecular states, while the gas temperature remains relatively low, typically about a thousand degree 
Kelvin or lower [5, 8].  
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The importance of the asymmetric vibrational mode of CO2 (see below) for its efficient plasma-based 
decomposition has been also deduced from the past research. The mentioned efficiency is defined, 
however, by several mechanisms working along with the mentioned vibrational excitation, such as: (i) 
fast excitation of the CO2 asymmetric mode by plasma electrons as a result of the electron-vibrational (e-
V) energy transfer, (ii) several orders of magnitude faster vibrational-vibrational (V-V) energy transfer, 
providing fast vibrational excitation of the CO2 molecules up to the dissociative level (≈ 5.5 eV), and (iii) 
rather slow vibrational-translational (V-T) transfer rates which would result in the gas heating, rather than 
molecular decomposition. The fast V-V process facilitates so-called vibrational ‘ladder climbing’, i.e. fast 
excitation of the highly-excited vibrational states of CO2 finally resulting in its dissociation [5]. The low 
gas temperature in the discharge, on the other hand, is important for keeping the V-T energy transfer at 
the relatively low level, thus preserving a certain level of vibrational excitation for a longer time. The V-T 
exchange time may vary from few µs to tens of ms, depending on the discharge parameters. As a result, 
the energy efficiency (see the definition below) up to 0.8 in a subsonic [9] and about 0.9 in a supersonic 
[10] gas flow has been achieved in the microwave plasmas. The non-equilibrium discharge conditions can 
also be effectively realized in the other discharges, for example in gliding arc plasma (GAP) as a result of 
a thermal – non-thermal plasma transition caused by plasma length extension and gas cooling, as 
proposed in [11].  

Nowadays scientific interest to the greenhouse gas decomposition in the low-temperature discharges is 
growing again. This is related to both low-pressure and high-pressure (atmospheric) cases. Talking about 
MW plasma sources we should note that, along with their general effectiveness for molecular 
decomposition, the power modulation effect is known to be an additional alternative for enhancing the 
CO2 conversion in these discharges [12]. To realize this effect, an electromagnetic wave with a filling 
frequency in the GHz range (typically 2.45 GHz) is modulated by nearly squared pulses typically in the 
kHz range. Such modulation might be very important when the vibrational excitation is involved in 
molecular decomposition process, as in the CO2 case [5]. Since in the pulsed MW discharges the 
characteristic time of V-T energy transfer may be comparable to the typical plasma pulse repetition period 
(µs − ms range) resonance-like effects between the power delivery and the energy transfer processes may 
happen. Thus, the periodic power delivery in these discharges represents an additional way for improving 
the efficiency of CO2 conversion, at the same time requiring additional understanding of the 
corresponding physical processes.  

In spite of the numerous works devoted to the plasma-based greenhouse gas conversion in the MW 
discharges [10, 13, 14], dielectric barrier discharges (DBDs) [15–20], GAPs [21–23], radiofrequency 
(RF) discharges [24], as well as in different discharges using plasma catalysis [13, 25–27], the effects of 
CO2 conversion and power modulation, are still far from being fully understood. The number of the 
research works in this domain is also very limited, mainly by the theoretical speculations of the usability 
of pulsed plasma regime in MW and DBD cases [28], as well as by few experimental evidences of the 
pulsed discharge benefits so far only shown for DBD case [16–18]. At the same time the domain of the 
power modulation in MW low-temperature plasmas, representing one of the most promising non-
equilibrium media for selective plasma chemistry remains mainly unexplored. The present work 
summarizes the recent achievements in the domain of optimization of the CO2 conversion made in our 
Lab. using modulated microwave power delivery, as well as optical spectroscopy techniques for plasma 
characterization.  
 
 
2. THEORETICAL BACKGROUND 
 
2.1. Structure of CO2 molecule. The structure of CO2 molecule is schematically shown in Fig. 1. Being a 
triatomic molecule CO2 possesses three vibrational modes, namely the symmetric stretch mode (with the 
main vibrational energy gap of about 0.17 eV), the double-degenerated bending mode (0.083 eV), and the 
asymmetric mode (0.291 eV). The different energy gaps for these modes define the differences in the 
energy transfer rates between them and the translational particle motion (V-T transfer). The vibrational 
excitation states for CO2 are normally denoted through three vibrational quantum numbers corresponding 
to symmetric (v1), bending (v2), and asymmetric (v3) vibrational modes. 
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One of the possible pathways for CO2 decomposition is the electron impact dissociation: 
CO2 + e  →  CO + O + e (the energy required is ≈ 5.5 eV).    (1) 

However, as a result of recombination of atomic O with vibrationally excited CO2 (denoted as CO2
vibr) 

another CO molecule may be produced [6], giving the energy per one produced CO molecule equal to 
≈ 2.9 eV:   

O + CO2
vibr →  CO + O2 (the energy required is ≈ 0.3 eV).    (2) 

As mentioned earlier, the actual CO2 dissociation strongly relies of the e-V energy transfer resulting in the 
excitation of the lowest vibrational states of CO2 molecule, e.g.: 

 e + CO2 →  CO2(0,0,1) + e ,        (3) 
where the parenthesized numbers stand for the vibrational quantum numbers mentioned above. The 
excitation of the higher vibrational states is happening at the same time as a result of the fast energy 
transfer between the different vibrational states within the same vibrational mode (i.e. V-V transfer), e.g.:  

CO2(0,0,1)  + CO2(0,0,1)  →   CO2(0,0,2) + CO2(0,0,0).    (4)  
The energy transfer between different vibrational modes (so called ‘non-resonant’ transfer, or V-V’) is 
less efficient, with typical transfer rates several times lower, according to [29].  

In addition to the abovementioned reactions, various two- or three- body collisional processes leading 
to O atom recombination (some of them are exothermic) may also be important for the total energy 
balance in the O-containing discharges. These processes may involve both ground state (3P) as well as the 
first excited (1D) state of atomic oxygen, as well as the other states [30]. Among the typical examples are: 

O(1D) + O2 → O(3P) + O2,       (5a) 
O(3P) + O(1D) → O(3P)+ O(3P) ,      (5b) 
O(3P)+ O(3P)+O2 → O2 + O2(X,0), etc.      (5c) 

 

 
Figure 1. Structure of CO2 molecule showing its three vibrational modes with the corresponding energy gaps. 

 
2.2. The CO2 conversion efficiency. The CO2 conversion efficiency is usually determined as a ratio 
between the densities of the decomposed CO2 molecules to their initial density: 

χ = [CO2]dec.
[CO2]init.

 ,         (6) 
where [CO2]dec. and [CO2]init. refer to the decomposed and initial CO2 molecular density, respectively. 
Let us note that in the pure CO2 case χ can be defined simply as [CO]/[CO2]init., where [CO] stands for 
the density of CO molecules produced.  

At the same time, the energy efficiency η is normally defined via the enthalpy of CO2 dissociation 
(ΔHCO2 = 2.9 eV) and the energy spent for production of one CO molecule (ECO) [5]: 

η =  ΔHCO2
ECO

 .         (7) 
In general case both χ and η quantities are defined locally, as the supplied energy might be different 

depending on the point of interest in the discharge. Combining last two expressions and defining specific 
energy input (E𝑆 or SEI) as the energy delivered per a single CO2 molecule in a certain discharge volume 
(usually expressed in eV or eV/molec), the energy efficiency yields: 

η = χ ΔHCO2
E𝑆

 .         (8) 
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The specific energy E𝑆 can be determined via the power P applied to the discharge and the flux of the 
gas F in the discharge tube: E𝑆 = P

F
 , or using more convenient units (where P is expressed in Watts, and 

slm stands for standard liter per minute): 
E𝑆(eV/molec) = 0.014 P(W)

F(slm)
 .                       (9)  

 
 
3. EXPERIMENTAL 
 
3.1. The plasma sources used. 2.45 GHz plasma source -1. The scheme of this MW surfaguide 
discharge is shown in Fig. 2. The discharge operates at 2.45 GHz having an auto-tuning 3-stab system for 
minimization of the reflected power. The reflected power does not exceed 5% of the total applied power. 
The mean power of 0.4 kW has been used in this work (MUEGGE pulsed power generator). The 
discharge was sustained in a quarts tube, with 14 mm of the inner diameter, 31 cm long, surrounded by a 
32 mm diameter polycarbonate tube of nearly the same length. The 8−10°C Si oil flowing between the 
tubes was used for cooling of the quartz tube. The microwave power has been modulated by nearly the 
square pulses with the 50% duty ratio. The repetition rate of the pulses was in the range from 0.5 kHz to 
about 30 kHz. More details on the described MW system is available in [14, 31]. Pure CO2 or CO2 with 
5% N2 admixture (for optical actinometry needs) with an electronically controlled total gas flow rate 
ranging from 0.08 to 2.7 slm has been used as a feeding gas. The pumping speed of the gas was constant 
during the measurements (unless stated otherwise). In spite of the pulsed discharge nature the optical 
measurements performed in this plasma source were not synchronized with the discharge pulses in order 
to obtain a time-averaged information on the CO2 conversion. Due to the same reason, both 𝐸𝑆 and 𝜂 
values were determined based on the time- and space- averaged applied power, which distribution is 
assumed to be uniform across the discharge volume. 

2.45 GHz plasma source -2. For verification of the OES results two photon absorption laser-induced 
fluorescence (TALIF) technique has been used, as described below. In this case another pulsed flowing 
gas MW plasma source with a horizontally placed discharge tube and similar plasma parameters has been 
used. The optimized plasma source geometry supports direct introduction of the laser beam into the 
discharge and post-discharge regions. The gas flow and the resulting gas pressure values used in this case 
were comparable to those used in the first 2.45 GHz source. The mean power was equal to 0.8 kW, while 
the reflected power was kept at the level of 5% from this level or below (no auto tuning was available). In 
this case the TALIF measurements were synchronized with the discharge pulses using a TTL (transistor-
transistor logic) signal. The TTL signal was generated using an external waveform generator 
synchronized with a pulsed laser, TALIF detector, and the SAIREM 6 kW power supply used for plasma 
generation.  

In addition, some data presented in this work are related to yet another MW plasma source working at 
0.915 GHz and used mainly for plasma catalysis studies, as described elsewhere [32, 33]. 

 

 

Figure 2. The concept of a pulsed surfaguide-type microwave discharge system 
used in the work. See [31,34] for the details. Power modulation by square pulses 

filled by 2.45 GHz sin-waveform is shown schematically. 
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3.2. The diagnostic methods used. Optical emission spectroscopy (OES), including emission 
actinometry and ro-vibrational analysis has been applied for characterization of the CO2 conversion 
efficiency as well as the gas temperature in the discharge zone. Gas temperature has been also monitored 
by a thermocouple at the beginning of the post-discharge (i.e. about 17 cm below the excitation point in 
the case of the source -1). The rotational band from the CO Angstrom system corresponding to the 
B 1Σ+ (v’=0) – A 1Π (v”=1) optical transition with the bandhead located at about 482 nm has been used 
for the rotational temperature determination in the discharge. Gas temperature has been assumed equal to 
rotational temperature of the CO molecules [14, 35].  

In order to determine the CO2 conversion efficiency in the discharge area, optical actinometry based on 
the addition of a small amount of molecular nitrogen (5% in our case) to the CO2 gas, has been used. This 
method is based on the measurement of emission lines ratio between the unknown species in the 
discharge (CO) and the known admixture (N2). As a result, assuming corona excitation in the discharge 
volume, the absolute density of species of interest can be determined [14]. The relative error of this 
method is < 10%.  

An Andor Shamrock-750 monochromator having 0.75 m of focal length and equipped with an Andor 
iStar-740 series intensified charge coupled device (ICCD) camera has been used for spectral acquisition 
in this work. The spectral resolution during the measurements was equal to about 0.05 nm (at 500 nm). 
The accumulative ICCD mode of the spectral acquisition has been used during all the measurements. The 
typical emission spectra acquired in the MW plasma zone are shown in Fig. 3a, b along with the 
rovibrational bands used for characteristic temperature determination (see Fig. 3c, d). 

 

 
Figure 3. Typical emission spectra obtained in the described 2.45 GHz -2 microwave discharge. The spectra were obtained in 
the CO2-N2 gas mixture upstream (a) and downstream (b) of the waveguide. The illustration of determination of the Tgas(c) and 
Tvibr (d) temperatures is given as magnified views. 
 

In the case of 2.45 GHz -2 plasma source TALIF technique has been used for detection of the products 
of CO2 dissociation (such as CO ground state molecules and O ground state atoms) [36]. This technique is 
based on the laser excitation of the molecular or atomic species in the discharge or post-discharge by a 
simultaneous absorption of two laser photons, following by a fluorescence corresponding to an optical 
transition between the upper (excited) state and the intermediate state. The spectral schemes using laser 
excitation at 225.6 nm (for O atom) or 230.07 nm (for CO molecule) following by the fluorescence at 
844.7 nm (O) or 483.5 nm (CO) have been applied in this work, based on [37, 38]. A Sirah dye laser 
working at 10 Hz of repetition rate and having 5 ns of the pulse duration pumped by a SpectraPhysics 
YAG:Nd laser has been utilized for TALIF diagnostics. A Coumarin 450 dye solution has been used. 
During the measurements laser pulses were not synchronized with the plasma pulses (except for some 
special cases), thus giving the time-averaged values of the corresponding ground state densities in the 
post-discharge.   
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Another type of diagnostics applied to the 0.915 GHz MW discharge was gas chromatography (GC) 
technique. This technique is based on the different gas elution time on the analyzer walls, representing ex-
situ time-averaged gas analysis which has been used for characterization of various gas mixtures, 
including the products of the CO2 decomposition [10]. In spite of being an ex-situ technique, GC provides 
the results which can be compared with the laser-based (in-situ) techniques for the stable dissociation 
products, which is valid for CO ground state molecules. In our case a Bruker 450-GC gas chromatograph 
equipped with a sampling system has been used for the post-discharge characterization in the 0.915 GHz 
MW source as well as for TALIF signal calibration in the 2.45 GHz -2 MW source. In the described GC 
system a low-pressure gas sample is diluted with carrier gas (argon) before its injection into the gas 
chromatograph. 
 
 
4. RESULTS 
 
4.1. Plasma characterization results. Since the characteristic plasma temperatures such as the gas 
temperature (Tgas), vibrational temperature of the gas molecules (Tvibr), and electron temperature (Te) play 
a very important role in the plasma kinetics and molecular decomposition, this work is partially focused 
on determination of these parameters by the available optical spectroscopy methods, namely the rotational 
and vibrational spectral analysis, as mentioned above.  

The general emission spectra obtained in the CO2−N2 microwave discharge are shown in Fig 3 (a, b). 
These spectra illustrate the CO2 conversion before (upstream) and after (downstream) the waveguide. Due 
to the much higher dissociation threshold for N2 (about 9.8 eV, according to [39]), the dissociation of this 
molecule in nearly negligible in the plasma source and the electron and vibrational energy is mainly 
channelized for CO2 decomposition. Due to this reason the N2 dissociation in the optical actinometry 
method has also been neglected. The appearance of the intensive CO emission lines in the 450−600 nm 
spectral region (corresponding to the so-called Angstrom emission band of CO) downstream the 
waveguide is evident from Fig. 3(b). These bands are very weak before the waveguide, underlining the 
importance of the so-called discharge ‘active zone’ where the majority of the injected CO2 molecules get 
decomposed [14]. At the same time the molecular emission bands corresponding to the First Positive 
System of N2 hold their intensity at almost the same level before and after the waveguide, confirming 
rather weak dissociation of N2 in this plasma source. 

 

 
Figure 4. The CO rotational temperature Trot (a, b) as well as the N2(C) vibrational temperature Tvibr (c, d) measured along the 
MW discharge tube under various discharge conditions. Gas pressure is shown in the legends. p and δ symbols denote mean 
applied power and pulse duty ratio, respectively. D denotes the distance along the discharge tube. The discharge pictures and 
the gas flow direction are shown for reference. See [40] for the details. 
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The typical temperature profiles along the discharge tube (visible area of ~ 200 mm long) are given in 
Fig. 4. A clear increase in the gas temperature (i.e. Trot of CO) can be observed in the middle of the 
discharge tube at any plasma condition. This increase is likely related to the e-T energy transfer in the 
waveguide vicinity (when gas is being efficiently heating by electrons), as well as to the V-T energy 
transfer in this area. Fig. 4a clearly shows that the higher gas pressure corresponds to higher gas 
temperature in the discharge area. This is most likely related to the higher e-T and T-T transfer rates at 
high gas pressure. Moreover, the effect of the gas heating is highly dynamic, as shown in Fig 4b, where 
we can see the evolution of the temperature profile during the MW plasma pulse (in this case pulse 
duration is 2 ms, with 50% duty ratio). At the beginning of the pulse (at 0.5 ms) the gas temperature is 
clearly lower, than the one measured at the end of the pulse (at 1.5 ms) showing especially low values at 
the tube edges. This partially confirms the efficient gas heating by electrons in the active zone. 

The vibrational temperature, on the other hand, demonstrates rather similar spatial distributions at 
various plasma conditions, as shown in Fig. 4c, d. As we can see, Tvibr, although to a lesser extent, shows 
a maximum in the tube center, i.e. in the waveguide vicinity. This maximum points out on the efficient e-
V (electron-vibrational) energy transfer in the discharge, which promotes excitation of N2 molecules. The 
efficient vibrational excitation of the CO2 molecules have not been confirmed by a direct measurement, 
however, the final width of the active discharge zone (~ 5−6 cm, according to [14]), where most of the 
CO2 decomposition takes place, is well-correlated with observed the Tvibr behavior. At 80 Hz of the 
plasma pulse repetition rate (see Fig. 4d, blue circles) the Tvibr profile is somewhat more flat than the 
other measured profiles, shown in Fig. 4c, d, which remains unclear at the moment. The electron 
temperature in our system has been found equal to about 1−2 eV for most of the studied conditions 
(except for the higher pressure cases, at p>10 Torr, where Te drops below 1 eV, as a result of more 
efficient electron cooling). 
 
4.2. Gas conversion results. Needless to say that the actual gas conversion results in the described MW 
plasma sources represent real practical significance. In this work the CO2 conversion has been 
experimentally determined either by optical emission spectroscopy (namely by optical actinometry) or LIF 
(calibrated with gas chromatography) methods. The example of the CO2 conversion and energy efficiency 
data measured by actinometry is shown in Fig. 5. For the detailed description of the experimental 
approaches, reader may refer to our recently published work [34], where the 2.45 GHz -1 plasma source has 
been used. As we can see from Fig. 5, the typical conversion/energy efficiency values of about 0.25/0.25 
can be achieved without applying the plasma catalyst. In this case the intermediate gas pressure (about 
7 Torr) in the 2.45 GHz MW plasma source has been achieved (see [34]). A pre-activated by Ar MW 
discharge Ni-based plasma catalyst further promotes CO2 decomposition, as demonstrated recently by Chen 
et al. in a 0.915 GHz MW plasma source case [13, 27]. The estimated MW system performance using this 
type of catalyst is marked in Fig. 5 by a red star symbol, showing roughly twice higher conversion values. 
The estimated value is a subject of verification by the future measurements, though. 

 

 

 

 

Figure 5. Selected CO2 conversion efficiency (χ) 
and energy efficiency (η) values obtained in the 
2.45 GHz -1 MW discharge compared to the 
literature data. The values obtained in this work 
(green stars) are measured by optical actinometry 
[14]. The literature data are related to the 
microwave (green symbols), gliding arc (yellow), 
radiofrequency (blue), and dielectric barrier (red) 
discharges. The χ×η product represents overall 
conversion efficiency. Usage of plasma catalyst is 
marked by ‘(c)’. The estimated values are marked 
by ‘(estim.)’. 
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The conversion data from the most competitive literature sources are also given in Fig. 5. As we can 
see, the catalyst-based processes have clear advantage over those based on plasma only. The low-pressure 
MW plasma sources are clearly superior in terms of the CO2 conversion, presumably due to their suitable 
range of electron temperature (about 1−2 eV), and better channeling of the electron energy toward the 
vibrational energy, as studied in the past [5]. On the other hand, the gliding arc discharges have clear 
advantage due to the transition from thermal to non-thermal mode achievable at the atmospheric pressure 
[21]. Indeed, the non-equilibrium regime achievable in these discharges boosts namely the energy 
efficiency of CO2 conversion, as shown in Fig. 5, at the same time leaving the conversion values at a 
rather low level. On the other hand, the conversion results achieved in the dielectric barrier discharges are 
comparable to those obtained in the MW plasma sources. Two best performing DBD cases achieved so 
far are either achieved in a DBD with catalyst [26] or using a pulsed DBD plasma source [17]. The last 
work confirms the importance of power interruption during the greenhouse gas conversion in low-
temperature plasmas, since the resonance between the energy dissipation channels (such as the V-T 
channel) as well as with the gas residence time in the system can be achieved in this case, further 
optimizing the system performance towards CO2 conversion.  

 
 

5. CONCLUSIONS 
 
The works represent recent progress in the domain of CO2 conversion by the non-equilibrium low-
temperature microwave discharges, achieved in our Lab. Overall it is confirmed that, the key (and rather 
well-known) properties of the microwave discharges, namely the low electron temperature range (1−2 
eV), rather high degree of non-equilibrium, along with high vibrational excitation are beneficial for the 
efficient CO2 gas conversion showing rather high conversion efficiency as well as high energy efficiency 
of the process. High values for both conversion and energy efficiency of CO2 conversion (~ 25%) have 
been achieved as a result of optimization of the microwave discharge, first of all in terms of power 
interruption (in the pulsed mode). 

In addition, the optical diagnostics of microwave plasmas along with the power pulsed delivery to the 
discharge active zone may open new possibilities for the detailed studies of gas conversion, including 
further optimization of the discharge geometry and power application schemes, both in space and time. 
The concept of modulated power delivery in a form of square pulses has already proven its efficiency, 
showing significantly higher gas conversion efficiency. The role of optical emission spectroscopy as well 
as the laser-based plasma characterization methods in this case is crucial. The further studies of the CO2 
vibrational kinetics (as well as that of the other gases) involving infrared absorption spectroscopy should 
significantly increase our understanding of the CO2 vibrational kinetics, both in time and space, which is 
crucial for efficient CO2 conversion and future industrial applications related to the greenhouse gas 
reforming. 
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Abstract. In this work we present a step forward to the synthesis of heterostructured 1D materials such as 
core@shell and core@multishell nanowires and nanotubes with controlled shells composition, microstructure and 
porosity prepared by Microwave-Plasma Enhanced Chemical Vapour Deposition. Our approach provides a direct 
route for the fabrication of multi-functional nanostructures that opens the way towards the realization of single-wire 
devices and optimization of high-density arrays devices. Several examples will be shown for the fabrication of 
semiconducting organic and inorganic nanotubes and core@shell/multishell nanowires on processable substrates 
with advanced performances. 
 
 
 

1. INTRODUCTION  
 
“Nanomaterial” is a term used for those materials whose size is in the range of molecular dimensions. It is 
widely spread that at least one of their dimensions should be below 100 nm. Nanomaterials can be 
classified according to their dimensionality [1] , that can be catalogued as 0D (zero dimensional, all 
dimensions below 100 nm), i.e. nanodots, nanoparticles or nanoclusters; 1D (one dimensional) such as 
nanowires, nanorods or nanotubes; 2D (two dimensional), for example, thin films, monolayers or 
nanocoatings and 3D (three dimensional), where the dimensions are not in the nanoscale but the material 
itself is formed by lower dimensional materials such as frameworks, nanotrees or nanonetworks. 
Particularly, one dimensional (1D) nanomaterials have received an increasing attention during the last 
decades due to their wide range of applications in microelectronics, photonics, energy storage, or 
biomedicine, among many others [2–6]. Despite the efforts of the research community, the 
implementation of 1D nanomaterials in real devices still requires the study of these nanostructures from 
the fundamental point of view and, above all, for the research on low cost (economical and 
environmental) methodologies for their production in high rates with a strict control on composition, 
structure and microstructure [2–6]. 

Different types of 1D nanostructures and nanosystems are presented in Fig. 1. Starting from 1D 
nanomaterials composed by just one compound or element: they can present different nanostructures such 
as round and squared nanowires (a, b), nanobelts (c) and nanotubes (d). When the system comprised 
several types of materials, their arrangement in the nanostructure is crucial for the applications. One 
possible modulation of the material can be arranged either axially (g) or radially (h), giving rise to very 
different properties. These latter 1D nanosystems are referred as core@shell (or core@multishell if more 
than two materials are present), and are the scope of the present work. Some other examples of 
multicomponent 1D systems can be found in nanowires decorated with nanoparticles (e) or in branched or 
hierarchical nanowires (f).  

This work is focused in the fabrication of 1D nanotubes (NTs) (Fig. 1d) and core@shell 
(core@multishell) nanostructures (Fig. 1h) by Microwave Plasma Enhanced Chemical Vapour Deposition 
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(PECVD). In particular, Core@shell 1D nanomaterials has been utilized for a diversity of fields, 
including catalysis [7, 8], solar cells [9, 10] or electronics [11], among others. The core@shell 
nanostructures consist of an internal 1D nanomaterial, the core, such as nanowires or nanobelts, which is 
surrounded by a second nanomaterial (nanoparticles, secondary nanowires, layers, etc.), known as the 
shell. The interest in 1D core@shell (including for extension NTs and @multishells NTs) nanostructures 
is twofold. On one hand, these nanostructures are foreseen to open the path to novel applications based on 
their inherent multi-functional character. On the other hand, it is also presumable the improving of the 
performance in an ample range of applications in comparison to the standard thin film approach. The 
advantages and unique properties of the proposed systems are Remarkably high surface area, highly 
interconnected networks of nanowires and compatibility with delicate substrates and flexible ones.  

 
Figure 1. Some examples of 1D nanostructures. Composed by one simple material: a) cylindrical and b) square nanowire, c) 
nanobelt, d) nanotube. Composed by two or more nanomaterials: e) nanowire decorated with nanoparticles and f) branched / 
hierarchical nanowire, g) axial and h) radial junction (core@shell). 
 

The core@shell structures used in the present work have been fabricated by a methodology that employ 
Organic Nanowires (ONWs) produced by Organic Physical Vapour Deposition (OPVD). These ONWs are 
used as templates for the fabrication of Metal Oxides fabricated by Plasma Enhanced Chemical Vapour 
Deposition to produce hybrid 1D core@shell (core@multishell) nanostructures. The methodology has 
originated an enormous field of exciting possibilities and new challenges, with promising potential in the 
fields of wettability, solar cells, waveguides and sensors, among others [12–17]. 

 
 

2. EXPERIMENTAL 
 
2.1. Methodology. Fabrication steps 
 
2.1.1. Organic Nanowires by OPVD. The organic precursor 2,9-dimethyl-anthra(2,1,9-def:6,5,10-d'e'f') 
diisoquinoline-1,3,8,10-tetraone (MePTCDI) was acquired from Sensient Imaging Technologies, and 
Phthalocyanine (H2Pc) were supplied from Aldrich and used as received without further purification. The 
OPVD procedure for the formation of single crystal ONWs has been fully described in previous 
references [18, 19]. It consists of the sublimation within a high vacuum system of the organic molecules 
from a Knudsen cell at a pressure of 0.02 mbar of Ar using a growth rate of about 0.3 Å/s and controlled 
substrate temperature. The substrates temperatures were settled at ~175ºC for the Me-PTCDI and ~230ºC 
for the H2Pc.  The  thickness  of  the  NWs  (as measured by a Quartz Crystal Monitor, providing density 
of 0.5 g cm-3) was set to 0.65 kÅ which corresponds to NWs 2−3 μm long. 

MePTCDI have been used for the growth of NWs used as templates for multishell nanostructures, 
while H2Pc has been employed for the formation of anatase NTs because it withstands higher 
temperatures.  

ONWs aimed to work as templates for the fabrication of 1D core@shell nanostructures were grown on 
a thin film of ZnO or TiO2 (anatase) previously deposited by PECVD on the different substrates, 
providing the needed roughness for the ONWs growth (see Section 3.1). 

a) b) c)

d)

e) f)

g)

h)
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2.1.2. ZnO and TiO2 layers by PECVD. Both semiconducting oxides, ZnO and TiO2, were fabricated by 
PECVD in a microwave (2.45 GHz) ECR reactor with a down-stream configuration. The plasma source, 
SLAN (Slot Antenna) was provided by the company Plasma Consult GmbH. The plasma is feed with 
several gases which are introduced into the chamber using the appropriate mass flow controller and the 
pressure of the system is varied employing a mechanical pressure control valve. 

The precursors are finely dispersed just over the substrates by means of a homemade diffusor, allowing 
the homogeneous distribution of the metal oxide in relatively large areas (10 x 10 cm2).  

Diethylzinc (ZnEt2) and titanium tetraisopropoxide (TTIP) were utilized as precursors (Sigma 
Aldrich). Crystalline ZnO was grown at RT with oxygen as plasma gas. Total pressure in the chamber was 
settled at 1.5 x 10-2 mbar and plasma power at 400 W. Amorphous TiO2 layers were grown at the same 
conditions with a slightly lower pressure (8.6 x 10-3 mbar) using either pure oxygen or mixtures Ar/O2 
(90−10%). TiO2 anatase layers were prepared as the amorphous TiO2 (100%O2) but heating the substrates 
at 250ºC using halogen lamps during the fabrication process.  
 
2.1.3. Emptying of the 1D nanostructures. Under standard conditions a heating treatment at ca. 200 and 
300ºC for MePTCDI and H2Pc, respectively, and 10-6 mbar of pressure was applied to these samples for 
1−3 hours to achieve a complete emptying of the inner organic core. No alteration of the vacuum was 
detected during the process. After the annealing process is performed, the samples were allowed to cool 
down in high vacuum avoiding water condensation in the highly porous nanotube walls. 
 
2.1.4. Fabrication of the anatase stack. The stack of anatase nanotubes was produced by a consecutive 
deposition process. A first layer of NTs was produced growing 0.65 kÅ (QCM) of H2Pc using an anatase 
thin film as seed followed by the deposition of 860 nm of anatase. This process was repeated two more 
times but increasing the thickness of the deposited anatase in third layer to 1.03 µm. 
 
2.2. Characterization. Scanning Electron Microscopy (SEM) images were acquired in a Hitachi S4800 
working at 2 kV. HAADF-STEM and HRTEM were carried out with both Osiris and FEI Tecnai G2F30 
S-Twin STEM microscope working at 200 kV. The samples were dispersed onto Holey carbon films 
deposited on Cu or Ni grids obtained from Agar scientific.  

EDX maps were acquired with a FEI Tecnai Osiris TEM/STEM 80-200 working at 200 kV. EDX raw 
data was post-processed to obtain more accurate compositional maps of the core@multishell system.  
 
 
3. RESULTS 
 
3.1. Fabrication of supported Organic Nanowires. Owing to their relevance in this work, a brief 
description of the growth mechanism of Organic Nanowires is summarized here. ONWs are formed by 
repeated small-molecules (in this work MePTCDI and H2Pc) which are stacked along the long axis of the 
nanowire. This axis possesses lengths generally in the micron range, while the other two dimensions stay 
below 100 nm.  

The growth mechanism of ONWs from this type of planar aromatic molecules is triggered by the π-
stacking. This molecular interaction directs the crystallization process responsible for the growth of these 
1D nanostructures. The growth mechanism of the ONWs is depicted in Fig. 2 and comprises several 
stages [18]: i) Presence of nucleation sites on the substrates: rough surfaces, nanoparticles, defects, etc.; 
ii) Flux of molecules reaching the surface in an appropriate concentration (to achieve supersaturation) and 
sufficient surficial molecular diffusion to reach the nucleation sites; iii) Formation of the crystal by self-
assembly of the molecules directed by the π-stacking; iv) Development of the nanowire.  

The role played by small-molecules in this work is critical. The molecules like perylenes, free- or 
metal- porphyrins and phthalocyanines has served as building blocks for the growth of ONWs that will 
either work as core in the hybrid core@shell nanowires or as 1D template for the formation of 
nanotubes. 
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Figure 2. Stages of ONWs formation and growth [18]. 

3.2. 1D Core@Shell nanostructures. The methodology for the fabrication of inorganic nanotubes and 
more generally core@multishell 1D nanostructures involve basically 4 steps, which are shown in Fig. 3.  

a) Formation of nucleation centers. As it has been detailed above, the ONWs growth is induced by 
the presence of nucleation sites (Fig. 2i)). In fact, the critical requirement for the substrate is to present a 
minimum roughness. Among the strategies followed to induce a certain roughness to the substrates are: 
growth of no-percolated metal layers or metal nanoparticles; plasma treatment of polymeric or organic 
surfaces; ablation by laser to ceramic or metallic substrates or deposition of microstructured metal oxide 
thin film (usually columnar). This latter strategy is the one followed in the present work.  

b) Growth of supported ONWs. The formation of ONWs (Figs. 2 and 3a) is a temperature controlled 
physical vacuum deposition (hereafter referred as OPVD) process that allows the growth of a highly 
dense forest of organic nanowires, as shown in the inset of Fig. 3a [12, 20–22].  

c) Formation of a metal oxide (MOx) shell. Once the ONWs have been grown onto the substrates, 
the third step represents the conformal deposition by PECVD of the metal oxide (MOx) shell (Fig. 3b)) in 
order to form a hybrid ONW@MOx (core@shell). Different metal oxides have been grown by this 
technique, but in this work we will focus in the fabrication of TiO2 and ZnO nanostructures. It is 
important to remark that the MOx deposition by PECVD induces the vertical alignment of the 
nanostructures otherwise randomly oriented. This aspect will be shown below with microscopy images.  

d) Evacuation of the 1D hybrid core@shell nanostructures (if required). A simple additional step 
can be performed to remove the organic core and obtain vertical aligned inorganic nanotubes (see Fig. 3). 
This step consists of the annealing under vacuum or air at a temperature of ca. 200 and 300ºC for 
MePTCDI and H2Pc, respectively. One important aspect of this step is that final nanotube microstructure 
strongly depends on the heating ramp. The MOx shells possess open pores connecting the inner channel 
of the nanotubes with the exterior. For slow heating ramps, the increased pressure induced by the 
sublimation of the organic core is released by diffusion of the organic molecules through the pores in a 
continuous and homogeneous way, producing no changes to the shell microstructure (Fig. 3, c−e). For 
faster heating ramps, the overpressure drives to the detachment of the tips (Fig. 3, f−h). In general, 
temperature ramps below than 10ºC min-1 lead to closed nanotubes meanwhile higher temperature ramps 
result in open nanotubes as it is shown in Fig. 3, e and h, respectively.  

One of the main advantages of the approach developed in this work relies in the microstructural 
control that can be obtained for the MOx shell deposited by PECVD. Figure 4 shows two different 
amorphous TiO2 shells, that have been deposited under different PECVD conditions, particularly under 
pure oxygen plasma (Fig. 4, a−d) and Ar-O2 mixture plasma (Fig. 4, e−i). It is worth to mention that the 
organic core has been emptied by annealing the samples in vacuum with a small heating ramp (5ºC min-

1). It can be observed the different characteristic porosity, columnar and mesoporous in the first case (Fig. 
4, a−d) and continuous and microporous in the second one (Fig. 4, e−i). Another critical advantage of 
using PECVD for the formation of such hybrid nanowires and nanotubes is the vertical alignment of the 
final nanostructures, in which the MOx shell is conformally covering the ONWs down to the bottom of 
the substrate. This effect can be observed in the overview image shown in Fig. 4i, that gives an 
impression about the verticality and homogeneity of the nanotubes supported on substrates. In both cases, 
the NTs synthesis was carried out in dowstream deposition conditions at low temperature and, therefore, 
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i)

Nucleus formation

ii)

1D nanostructure by
directional self-assembly

iii) iv)

Single Crystalline
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High Surface mobility
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is compatible with delicate substrates. The length of the NTs can be tuned simply varying the deposition 
time of the ONWs, ranging between 500 nm to tens of micrometers.  

 
Figure 3. Schematic representation of the steps involved in the formation of the oxide nanotubes for slow (c−d) and fast (f−g) 
heating ramps. Microscopy images for both cases are shown at the right (e and h). 

 
Figure 4. Columnar (a−d) and continuous (e−i) TiO2 nanotubes. SEM (a, e, i) and HAADF-STEM (b−d and f−h) 
characterization of the TiO2 nanotubes. Micrograph in b, c and f, g gather snapshots of the HAADF-STEM 3D reconstruction 
were the rectangular cross section of the tube is clearly appreciable.  
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It is also worth noting the flatness of the inner face of the nanotube (e.g. Fig. 4, b and f). The interface 
between the empty core and the shell kept memory of the smooth surface of the single-crystal wire 
template. Meanwhile, the outer surface of the NT presented the typical surface roughness of the TiO2 
layers. It is also worth mentioning that the good mechanical stability of the samples is provided by the 
formation of a continuous layer between the columns and the empty core (around 10 nm). This interface 
can be easily observed in the HAADF-STEM reconstruction in Fig. 4, b−c and f−g. These TiO2 shells 
were amorphous since the fabrication process has been carried out at room temperature. As it will be 
shown below, the formation of the anatase crystalline films can be synthesized just by increasing the 
substrate temperature up to 250ºC as described in the experimental section.  

It is interesting to remark several additional features of this methodology. On one hand, the thickness 
of the nanotubes is easily controlled by adjusting certain deposition parameters such as deposition time, 
chamber pressure, reagent flux, etc. Our plasma assisted deposition methodology induces a vertical 
alignment of the nanostructures that arises from the alignment of the hybrid nanowires along the plasma 
sheath electric field (see Fig. 4i). Our results are of special relevance since they open the way for a 
straightforward growth of these 1D nanostructures on electrodes, processable substrates and devices.  
 
3.3. 1D Core@multishell nanostructures. The reported methodology allows the formation of coaxial 
multilayer systems (nanotubes with multiple walls formed by layers of different metal oxides) within the 
same reactor without exposing the interfaces to air. The oxides layers can be fabricated by simply 
alternating the different metalorganic precursors introduced in the PECVD reactor. Unlike from the 
previous example, our protocol can be also applied to the fabrication of coaxial crystalline shells. As an 
example, Fig. 5, a−b show the formation a wurtzite ZnO nanotube (the organic core has been emptied) 
covered by TiO2 anatase layer. It is noticeable in the EDX maps (Fig. 5a) that even for such a low 
thickness (20 nm), the anatase shell is covering the whole ZnO tube, that conformally follows the 
roughness of the ZnO surface.  

 

 
Figure 5. a) Distribution of Zn (up) and Ti (down) in the EDX maps obtained from the ZnO@TiO2 crystalline nanotube (b). 

 
It is worth to remark, that the example presented here represents a proof of concept about the 

feasibility of the reported approach to fabricate coaxial shells of different functional layers. Our 
methodology is straightforwardly applicable to other oxides deposited by PECVD such as Al2O3, SiO2, 
SiOxCyHz, Ta2O5, oxynitrides, etc. and even to metal layers deposited by sputtering. The universality of 

200 nm

ZnO NT@TiO2b)a)
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our methodology and the large variety of possible synthesized materials represent a new route to the 
fabrication of coaxial multishell 1D nanostructures for a large number of applications, as well as their 
implementation in single-wire devices.  
 
3.4. Multistack of hierarchical nanotubes. Figure 6 gathers the steps involved in the formation of a new 
achitecture based on a multistack of hierarchical nanotubes. The first step a) in the Fig. 6 begins from 
TiO2 NTs (the previous steps for the fabrication of MOx nanotubes are detailed in the Fig. 3), which are 
used as seeds for the formation of ONWs (Fig. 6b). Then, this second layer of ONWs are covered by a 
TiO2 shell fabricated by PECVD (Fig. 6c). For the growth of crystalline TiO2 by PECVD it was necessary 
to use previous reported conditions for the formation of anatase layers [23], which required a temperature 
of 250ºC. This value is close to the sublimation temperature of the H2PC molecules located in the core 
and would eventually lead to the sublimation and evacuation of the organic molecules. To overcome this 
drawback, an initial TiO2 shell of about 50 nm was deposited at 150ºC to preserve the 1D organic scaffold 
and then gradually increase the temperature to 250ºC during the deposition. In this way, the growth of the 
anatase shell occurs at the same time that the organic core evacuation, producing domed-nanotubes (Fig. 
3, c−f). The SEM images of the Anatase NTs synthesized are shown in Fig. 7, a−c. It can be observed the 
numerous sub-crystals emerging from each NT that resembles a feather, thus giving rise to a hierarchical 
nanotube. Unlike the previous examples, the diameter of the NTs was not uniform, appearing thicker at 
the top and gradually thinner towards the interface with the substrate (Fig. 7a). Such characteristic is due 
to a shadowing effect occurring during the growth of the shell and it is more prominent here owing to the 
bigger diameter of the NTs [24].  

 

 

 

 

 

 
Figure 6. Schematic representation of the 
different steps in the multistacked 
nanotubes fabrication, starting from a) 
TiO2 nanotubes, then b) secondary growth 
of ONWs on the NTs and c) reiterative 
reproduction to form a multistack. 

 
Figure 7. a) Characteristic cross-section (a, c, d, f) and top view (b, e) SEM images of the hierarchical TiO2 NTs (a−c) and the 
formation of H2Pc ONWs using the previous NTs as seed layer (d−f). 
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As mentioned before, the formation of 3D nanoarchitectures represent an important advance in the 
development of multifunctional nanomaterials for many different applications, for example in energy 
harvesting [25–27]. To show the potentiality of the reported approach, we propose here a new type of 3D 
architecture. As it can be observed in the Fig. 8a it consists on the stack of anatase hierarchical NTs layers 
synthesized as detailed in the Fig. 6, b and c. The idea is simple and consists in the use of the as-grown 
NTs as nucleation sites for the formation of secondary organic nanowires (see Fig. 6b). Due to 
geometrical restrictions, the secondary ONWs grow preferentially at the tips of the hierarchical NTs 
forming nanotrees, as can be observed in the Fig. 7, d−f. The next step (Fig. 6c) consists of the formation 
of an anatase layer that covers conformally these secondary ONWs. By the repetition of the steps b−c in 
Fig. 6, we have fabricated a three-layers multistack sample as it can be seen in Fig. 8a. The equivalent 
thin film synthesized without using ONWs templates is shown in the inset of Fig. 8a and present a total 
equivalent thickness of 2.75 um. It is worth to stress the huge surface area of the multi-stacked 
architecture presented (in comparison with the equivalent thin film with 2.75 um, the multistack possesses 
a thickness of 16 um), provided by the open gaps between the NTs and the internal porosity of the 
hierarchical NTs.  
 

 
Figure 8. SEM cross sections of the complete stack of anatase hierarchical NTs (a) and a bundle of HNTs in the third layer (c). 
Normal view of the stack (b). The inset in a) is a SEM cross section of the equivalent thin film (without ONW template) of the 
complete stack, with the same scale bar than the stack shown in a). 
 

The straightforward extension of our methodology to the growth of plasma assisted deposited 
functional shells with tailored nanostructures and properties will certainly lead to the development of a 
new generation of 3D nanoarchitectures with important applications in energy harvesting and storage, 
catalysis or sensing, among many others. 
 
 
4. CONCLUSIONS 
 
A reliable full vacuum and plasma methodology based on the use of supported ONWs as templates for the 
fabrication of metal oxide nanotubes with single and multishell configurations has been presented. The 
versatility of the plasma techniques such as PECVD for the growth of metal oxide thin films has been 
exploited here for the formation of nanostructured nanotubes with tailored shells in terms of 
microstructure, porosity, structure and thickness.  

The procedure provides hollow’s cross sections, keeping memory of the flat surface of the organic 
single crystal used as templates. Either closed or open nanotubes can be fabricated by selecting the 
evacuation conditions of the organic core. A completely new architecture based on a stack of hierarchical 
anatase nanotubes with extremely high surface-area has been developed.  
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It has been demonstrated that the method provides a straightforward way for the growth of supported 
nanotubes on an ample variety of substrates. Contrary to other template protocols, the ONWs used herein 
as 1D scaffolds are easily removed by annealing at mild temperature, avoiding the use of etching 
processes or solvents. It is also important to stress that the nanotubes remained attached to the substrates 
after the evacuation process and were mechanically stable. 

The results provided here pave the way toward the implementation of our core@multishells and 
multistack systems in real devices for applications such as energy harvesting, conversion and storage, 
photonics, catalysis and sensing, among many others.  
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Abstract. Next generation fusion reactor operation is based on neutral beam injection systems for the heating and 
current drive of fusion plasmas. These systems should produce hydrogen or deuterium beams with particle energies 
in the excess of 1 MeV. In this energy range, the gas cell neutralization efficiency remains acceptable only for 
negative ion neutralization, whereas it becomes negligible for positive ions. Furthermore, hydrogen negative ions 
may be employed in linacs, cyclotrons, synchrotrons, medical fields, material characterization or other applications. 
Accordingly, in the present work, H- negative ions are produced in ECR-driven sources (2.45 GHz) developed by 
our group. The concept refers to Cs-free sources where negative ions are formed through the dissociative 
attachment reaction. In this case, the reactants are low-energy electrons and highly (ro)vibrationally excited 
molecules. The production of these excited molecules is considered, taking into account collisions with high-energy 
electrons and surface reactions like recombinative desorption. In view of the above concept, microwave plasmas in 
these ECR sources are appropriately characterized by conventional Langmuir probes, vacuum ultra-violet and 
visible emission spectroscopy, while more sophisticated diagnostics are also introduced. The latter include laser 
photo-detachment technique for measuring the absolute densities of H- ions and synchrotron-radiation absorption 
for detecting highly excited molecular states. Results obtained by our group are presented and discussed. 
 
 
 

1. INTRODUCTION 
 
Hydrogen negative ions H- are important in astrophysics, particle accelerators, medicine, material 
characterization, and particularly nowadays in fusion science where they are being accelerated and then 
neutralized to form high energy atom beams for heating fusion plasmas. Presently, efficient negative ion 
formation relies on the so-called surface production process, i.e. the surface ionization of hydrogen atoms 
and positive ions [1]. This process requires evaporation of cesium in order to reduce the work function of 
the production surface [1]. Even though the use of cesium allows negative ion sources to reach fusion-
oriented specifications [2], it is related with a variety of problems including difficulties in maintenance 
and unstable operation [3]. Thus, avoiding cesium usage would be highly beneficial. 

Another efficient process for producing negative ions in hydrogen discharges is related to the bulk of 
the plasma, where the so-called volume production mechanism takes place. The operation of volume 
production negative ion sources is based on the consideration of both formation and destruction 
mechanisms. While different processes might be responsible for the volume production of negative ions 
[4], the main negative hydrogen ion formation path in pure hydrogen plasma is the electron dissociative 
attachment (DA) to highly (ro)vibrationally excited molecules [1], i.e. 

H2(v'') + e (low energy)  H- + H          (1) 

Dissociative attachment to vibrationally excited cold molecules H2(v''=0) is known to have very small 
cross section (10-21 cm2), while it increases by five orders of magnitude when the hydrogen molecules are 
vibrationally excited from v''=0 to v''=5 and stay constant at higher v''. An important feature discovered 
[5] is that the dissociative attachment cross sections peak at an energy threshold and this threshold goes 
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down when v'' goes up. This implies that low-energy (cold) electrons can be very effective in generating 
H- ions by DA. 

Obviously, it is essential to generate sufficient density of highly vibrationally excited molecules, 
which are the precursors of H- (Reaction 1), and for this generation high-energy (hot) electrons are 
needed according to the following statement (see Reaction 3). Vibrational excitation of molecules in 
collisions with cold electrons through the H2

− resonance [6, 7] 

H2(v'') + e(low energy)  H2
−  H2(v''+Δv'') + e                  (2) 

is very effective in changing the vibrational state, but the most probable change in v'' is Δv'' = ±1, so a 
high collision rate would be required to significantly populate the H2(v'') spectrum. An effective way for 
highly vibrationally excited molecule formation refers to radiative decay from singlet states excited by 
collisions of ground state molecules with hot primary electrons [7, 8] 

e + H2(X, v''=0)  e +  H2
∗(B, C, ...) followed by H2

∗(B, C, ...)  H2(X, v'') + hf            (3) 
The electron excitation cross sections leading from v''=0 of the ground state, through the B and C singlet 
states, to higher v'' levels of the ground state, show that the last reaction is efficient when the electron 
energy exceeds approximately the 20 eV [8]. 

According to the aforementioned processes, favorable conditions for DA may be obtained in negative 
hydrogen ion sources by spatially separating the plasma chamber into driving region and magnetic field-
free H- formation region. This is achieved by means of magnetic or electrostatic filters, with the first one 
being the preferred choice. Hot electrons are trapped in the magnetic field lines of the driving region and 
sustain the molecular excitations, while cold electrons being diffused in the magnetic field-free region are 
attached to the highly vibrationally excited molecules and, hence, form H- through DA. 

Two other vibrational excitation processes for H2(v'') formation, related to plasma particle interaction 
with surfaces have also been identified: (i) production of vibrationally excited molecules due to the 
recombination and dissociation of molecular hydrogen ions on walls [9] and (ii) production of a wide 
spectrum of vibrationally excited molecules in the recombinative desorption process of atomic hydrogen 
on some metal surfaces [10] 

Ho + Ho + Wall  H2(v'') + Wall                    (4) 

This reaction can be of three generic types: (i) Langmuir-Hinshelwood which involves mutual 
reactions between already absorbed atoms onto a surface, (ii) Eley-Rideal during which a gas-phase 
particle incident on a substrate combines with a particle adsorbed onto that substrate [11] and (iii) hot-
atom reactions induced by the fact that many of the incident atoms are trapped onto the surface without 
reacting, forming hot atoms which then diffuse across the surface, possibly reacting at a later time [11]. 

Contrary to surface production-based sources, volume production sources operate with pure hydrogen, 
having the practical advantage of inherently cesium-free operation, which makes them an attractive 
choice. However, as it becomes obvious from the above discussion, DA is very sensitive to both electron 
energy and molecule vibrational distributions, which in turn may be affected by a variety of parameters. 
Thus, appropriate diagnostic techniques for probing H- ions, electron energy distributions and molecule 
vibrational distributions are imperative and the corresponding ones applied by our group are discussed 
below.  

At the same time, H- ions have low electron affinity (0.75 eV) and thus collisions in the bulk of the 
plasma with a variety of particles may destroy them. There are, however, three processes of primary 
importance: a) mutual neutralization (MN) during collisions with positive ions (Reaction 5), b) collisions 
with neutral particles from which the associative detachment (AD) (Reaction 6) is the most prominent for 
cold plasmas and c) electron detachment (ED) (Reaction 7) during collisions with energetic electrons. 

H- + H+ , H2
+, H3

+ H…             (5) 

H- + H  H2 + e                          (6) 

H- + e  H + e + e                      (7) 
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Reaction (5) has a total rate coefficient which is about 1.3x10-7 (300/Tg)1/2 for the H+ positive ion, 
1.0x10-6 (300/Tg)1/2 for the H2

+ positive ion and 1.0x10-6 (300/Tg)1/2 for the H3
+ positive ion [12, 13]. The 

rate coefficient of Reaction (6) is approximately 1.3x10-9cm3s-1 [13] and finally the loss rate due to 
Reaction (7) needs to be calculated using the available cross section [14] and the estimated or measured 
electron temperature. In the above references Tg stands for the gas temperature. Gas temperature refers 
here to the translational temperature of the species that participate in each reaction. Furthermore, it is 
reminded that the reaction rates depend as well on the species densities. 

In the present work, and in agreement with the above fundamental principles, results from Electron 
Cyclotron Resonance (ECR) driven different reactors are presented and commented. The study employs a 
combination of diagnostics including electrostatic probes, laser photo-detachment, visible and vacuum 
ultra-violet (VUV) emission spectroscopy, VUV irradiance, and synchrotron-radiation absorption 
measurements. 
 
 
2. ECR MODULES AND DRIVEN REACTORS 
 
2.1. ECR modules. For the experimental setups considered in this work, the electrical power is delivered 
into the plasma by elementary ECR modules [15]. This type of power delivery was firstly proposed for 
negative ion sources by our group [16−20], instead of traditional filament-based sources [21−24]. The 
drawbacks of the filament limited lifetime due to heating and the undesirable material deposition on the 
source walls due to filament evaporation are thus overcome. Furthermore, the microwave (MW) power is 
generated either by a conventional magnetron following power division to the modules or by a solid state 
generator (2.45 GHz; 0−200 W per generator) for each module. By the latter way, a higher flexibility is 
achieved since each generator is digitally controlled independently. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Representative images of a single ECR module driven at different MW power levels. The hydrogen pressure is 
maintained constant at 4 mTorr. The images are captured during the operation of the "Prometheus I" reactor [4, 26, 27] which 
houses five identical ECR modules (in the above images only the central one is activated). 
 

The design for each ECR module is based on multi-dipolar plasma principles [15]. Each module is 
made up of two main parts: (i) a permanent magnet (875 G to fulfill the ECR condition) with an 
azimuthal symmetry around its magnetization axis and (ii) a microwave applicator constituted by a 
coaxial line parallel to the magnetization vector and opened on the rear pole of the magnet (ECR 
coupling zone). In the design proposed, the inner conductor of the coaxial line penetrates inside the 
cylindrical magnet through a hole drilled on its axis. Numerous modules may be combined to form 2D 
networks of magnetic dipoles and they are practically a first magnetic filter for the high energy electrons 
mentioned above [20]. Thus, hot electrons are trapped in the ECR zones sustaining the vibrational 
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excitations, whereas cold electrons escape downstream of the ECR zones and are attached to the highly 
vibrationally excited molecules which diffuse away from the magnetic filters, producing, eventually, H- 
ions by DA. A tuner embedded on the main body of each module, is used for impedance matching which 
maximizes the microwave power absorbed by the plasma [25]. The impedance matching is manually 
optimized in order to reduce microwave power reflection (maximum acceptable value <3%). The ECR 
modules and their power supplies are cooled by water which is circulated by a water-cooling system. 
Figure 1 provides indicative aspects of the visible ECR zones formed in pure hydrogen around a module 
for various MW power levels (see caption for details). 
 
2.2. ECR-driven reactors. In the present work, key results from three different reactors are presented 
and discussed with respect to H- ion production in ECR discharges. 

The first one is "Prometheus I" which is presented in detail in Refs. [4, 26, 27]. Briefly, it consists of a 
cubic (24 cm inner edge) stainless steel chamber with the necessary viewports for plasma diagnostics. 
The plasma is sustained by a 2D network of five ECR elementary modules, with four of them installed at 
the vertices and one at the center of an imaginary square on the top flange of the high vacuum cubic 
chamber (see Fig. 1 of Ref. [26]). The power supply for each ECR module is of solid state type. A turbo-
molecular pump adapted under the bottom flange evacuates the chamber down to about 10-6 Torr. Pure 
H2 (N50) is introduced by a digital mass flow controller at a flow rate between 2.1 and 23.2 sccm. The 
working pressure varies respectively between 1 and 20 mTorr (filling gas pressure), and it is accurately 
monitored with an absolute pressure transducer. The discharge is operated with flowing neutral gas with 
a typical duration for a complete gas renewal being approximately 0.5−1 s, typically exceeding the 
characteristic equilibration times in the plasma. Therefore, the only effect that the continuous gas flow 
has on the stationary plasma equilibrium is to prevent impurities from building-up [28]. 

The second one is the "Camembert III" reactor [24], where historically the ECR modules were tested 
for the first time to yield H- ions [16].The inner wall of the cylindrical stainless-steel chamber is 44 cm in 
diameter and 45 cm high. This wall has twelve openings for windows, probe holders etc. Sixteen 
columns of samarium-cobalt magnets (with a surface magnetic field of 3500 G) are installed on the wall 
with the north and the south poles alternatively facing the plasma, forming a multi-cusp configuration. 
These magnets are contained in water cooled stainless-steel tubes (2.6 cm diameter) welded to the 
internal surface of the reactor to allow steady-state high-power discharge operation. The plasma diameter 
is therefore about 38.8 cm. The end plates are not magnetized. One end of the chamber is bounded, in 
part, by the stainless-steel plasma electrode of the extractor [29]. On the top flange a two-dimensional 
network of seven elementary independent ECR modules is installed (six of them on the periphery and 
one at the center of an imaginary cycle of 16.2 cm in diameter; see Fig. 1 of Ref. [16]). A conventional 
magnetron is used (max 1 kW) and the MW power is equally distributed among the seven modules. The 
plasma is produced under continuous pumping and gas flow conditions. The pumping of the negative ion 
source should ensure a high gradient between the source and the extractor where the pressure should be 
as low as possible. For this, a turbo-molecular pump (1000 l s-1) connected to the source through the 
extractor and the extraction aperture is employed. To improve the residual pressure in the source, a small 
turbo-molecular pump (50 l s-1) is installed directly on a wall opening. 

Finally, "ROSAE III" [30] is a new chamber for fundamental studies on H- negative ion volume 
production assisted by surface mechanisms. It has been designed to overcome a difficulty which arises in 
the above chamber Camembert III when plasma-surface interactions have to be investigated. The large 
volume of Camembert III is optimized for H- ion production via DA. However, in studying surface 
mechanisms, a large surface of the investigated material compared to the other plasma facing surfaces is 
mandatory. Hence, the volume of ROSAE III has been chosen to be 0.02 m3 (versus 0.3 m3 of 
Camembert III) to allow the possibility of studying the contribution of small sample surfaces to H- 
volume production. There are no magnets installed around the wall surface. A network of four ECR 
modules is installed on the top flange on an imaginary circle of 7.6 cm in diameter (or alternatively just 
one at the center of the top flange).The network is driven from a central magnetron of 1.2 kW (2.45 GHz) 
by dividing its power into four equal parts. The axial distance, on the chamber symmetry axis, between 
the mid-plane of the ECR modules and the studied plasma is similar to that of Camembert III. 
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3. DIAGNOSTICS RELATED TO H- NEGATIVE ION PRODUCTION 
 
3.1. Electrostatic probes. Conventional Langmuir-type probes are used, under certain assumptions, for 
evaluating fundamental parameters in the low-pressure hydrogen ECR discharges. 

As regards results in Prometheus I, a cylindrical electrostatic probe is immersed in the plasma [27]. 
The probe is made from a 0.025 cm in diameter tungsten wire and the tip (exposed to the plasma) is L-
bent in order to be aligned with the laser beam for the photo-detachment measurements (see below). The 
tip is 1.5 cm in total length with the bent part being 1.1 cm. The rest of the wire is housed in a telescopic 
configuration of dielectrics (alumina tube inside a wider quartz tube) that insulates and protects it from 
the plasma. The quartz tube is supported inside a stainless steel tube that ends in a standard BNC vacuum 
feed-through. A CF flange-to-quick connect coupling adapter makes a vacuum joint with the steel tube 
and at the same time allows the linear translation of the probe. The acquisition of electrostatic probe 
current-voltage (I-V) curves is accomplished with a custom-made system [31]. Each measurement 
procedure includes 10 s of probe cleaning by electron current-induced incandescence followed by 
another 10 s of cooling-down. The acquisition is realized point-by-point in steps of approximately 100 
mV. For each point 212−213 voltage-current samples are averaged in order to reduce plasma-induced 
noise. At the probe position, the magnetic field of the ECR modules has vertical downward direction and 
a magnitude of 51 Gauss, while the probe tip itself is oriented horizontally (i.e. perpendicular to the 
magnetic field). The lowest electron temperature observed during the present experiments is about 0.5 eV 
which corresponds to an electron Larmor radius of about 0.034 cm. Thus, even in the worst case, the 
probe radius (0.0125 cm) is sufficiently smaller than the electron Larmor radius, validating the use of the 
"classical" non-magnetized probe theory. Typical plasma parameters, i.e. floating and plasma potential, 
electron densities and temperatures, are obtained from numerical treatment and fitting procedures on the 
I-V curve data [31]. More specifically, plasma potential is estimated at the maximum of the I-V curve 
first derivative and positive ion current is linearly extrapolated from high retarding potentials and 
subtracted from the I-V curve. The remaining current (electron current) is fitted as the sum of two 
exponentials, which corresponds to a bi-Maxwellian Electron Energy Distribution Function (EEDF). The 
experimental EEDF is derived from the second derivative of the probe total current (Druyvesteyn 
method). 

Similarly, in Camembert III an electrostatic probe made from tungsten wire of 0.05 cm in diameter is 
mounted on a three-axis manipulator installed on a wall opening [16, 20]. A 1.5 cm L-bent tip is exposed 
to the plasma, with the rest shielded by a ceramic cylinder. The tip is cleaned by regularly applying a 
sufficiently high positive voltage so as to cause tungsten incandescence. Current samples are averaged to 
reduce the effect of random noise, through a custom computer-based system. The present results are 
obtained in the central magnetic field-free region of the chamber. 

In ROSAE III [30], measurements of plasma parameters are carried out with two L-bent Langmuir 
probes of similar dimensions (0.034 cm in diameter/1.77 cm long & 0.037 cm in diameter/0.98 cm long). 
The first one is used for photo-detachment measurements (see below) and the second one just for probe 
measurements. Three dimensional calculation of the magnetic field provide the B field components in the 
mid plane (xOy) of the ECR modules on the chamber axis (Oz): Bx = By = 0.0035 T and Bz= 0.001 T. 
Therefore, the probe tip has been oriented on the source axis (Oz) for being perpendicular to the main 
components of B (Bx and By). Measurements do not suffer from magnetic field perturbations or Bohm’s 
criterion modification [30]. 
  
3.2. Laser photo-detachment. The photo-detachment diagnostic technique with one laser beam is used 
for the determination of the negative ion absolute density. Details on this technique may be found in Ref. 
[32]. 

In Prometheus I, a short (~5 ns) Nd:YAG 1064 nm laser pulse, generated from a 330 mJ (max) per 
pulse unit, is concentrically aligned with the bent part of the probe tip and detaches the extra electron of 
negative ions inside the irradiated cylindrical volume. The excess (i.e. photo-detached) electrons, in the 
section of the irradiated volume that contains the bent part of the probe tip, sharply increase the electron 
current collected by the positively biased probe. A photo-detachment current pulse is thus produced. The 
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density of negative ions can then be calculated from the amplitude of the current pulse as explained in 
Ref. [32]. A wideband current transformer  (400 Hz - 250 MHz),  connected directly to a digital 
oscilloscope (1 GHz; 5 GSamples s-1), is used to measure the transient current pulse due to the photo-
detached electrons. Various parameters of the photo-detachment diagnostic technique are properly set for 
its valid application. Firstly, the laser radius is chosen to be 0.3 cm which sufficiently exceeds the probe 
collection radius (~0.01 cm which is the typical Debye length for the present experimental conditions). 
Secondly, the probe bias has been set to +15 V (i.e. 7−8 V above plasma potential) which is sufficient for 
collecting all the detached electrons without causing the incandescence of the probe tip due to electron 
current. To establish this, a series of measurements was realized which demonstrated that a +15 V bias 
leads to the saturation of the photo-detached electron current. Lastly, the energy density of the laser beam 
is chosen to be around 70 mJ cm-2 which is high enough to destroy all the negative ions in the irradiated 
volume. This is ensured by the saturation of the photo-detachment signal while the latter is being 
recorded versus the increasing laser power density. 

In the same context, in Camembert III, a Nd:YAG laser (repetition rate 10 Hz; photon energy 1.2 eV) 
is used to illuminate the plasma through a 0.6 cm diaphragm, and the photo-detached electrons from the 
H- ions are collected by the aforementioned probe oriented coaxially to the laser beam. The probe is 
positively biased at +30 V with respect to the chamber wall. The probe transient current, which is 
generated by the collected photo-detached electrons, is recorded on a digital oscilloscope (500 MHz; 2 
GSamples s-1), operating in averaging mode, via capacitive decoupling. 

Similarly in ROSAE III, a 1064 nm Nd:YAG laser (150 mJ per pulse; pulse width ∼6 ns; repetition 
rate 50 Hz) is employed. The probe is positively biased at +25 V and the diameter of the illuminated 
volume is 0.4 cm. The photo-detached electron current is monitored by the L-bent probe described above, 
through capacitive decoupling, on a digital oscilloscope (400 MHz; 2.5 GSamples s-1). 
 
3.3. Visible emission spectroscopy. Optical emission spectroscopy is employed for the evaluation of the 
atomic and molecular absolute densities under various operating conditions. The process demands the 
estimation of the atomic temperature, the molecular temperature and the degree of dissociation. Details 
on the process during its application in Prometheus I may be found in Ref. [27]. The emissions of 
interest, in the visible range, are the Balmer series (Ηa: transition n = 3 → n = 2 and Ηβ: transition n = 4 
→ n = 2) of atomic hydrogen and the molecular Fulcher-α band (triplet transition d3Πu→a3Σg

+). 
Accordingly, a motorized monochromator having focal length of 100 cm is used. It is equipped with a 
holographic grating (170−750 nm; 2400 grooves mm-1). Absolute wavelength calibration is realized with 
an Hg(Ar) pencil-style lamp. The light is efficiently guided into the monochromator with an optical fiber 
adapted on an optical matcher and detected by an electron photo-multiplier tube (185−900 nm). In order 
to collect the light mainly from the bulk plasma, a bi-convex lens is used to focus the light from the 
center of the chamber into the entrance of the optical fiber. The lens is adapted inside a telescopic tube. 
The measured spectra are calibrated in terms of relative intensity. This is achieved by employing a 
quartz-tungsten-halogen lamp (3300 K color temperature). Similarly, visible emission spectroscopy is 
employed in ROSAE III (details in [33]). 
 
3.4. VUV emission spectroscopy and VUV irradiance measurements. Discussion on the H- ion 
production mechanisms requires information on the vibrational distribution function (VDF). The 
measurement of VDF would require absorption spectroscopy techniques which were not available in 
Prometheus I. Alternatively, VUV emission measurements may lead indirectly to reliable data for 
supporting such a discussion. Towards this direction, a VUV spectrometer and the irradiance meter 
described in detail by Komppula et al. [34], were both used in Prometheus I. The latter device is based on 
a photodiode with a responsivity of about 0.02 AW-1 in the VUV range. The photodiode current is 
measured with a digital pico-ammeter. Due to an iris adapted in front of the photodiode, the light is 
collected from a conic line of sight with an included angle of 4.6o. Using a filter wheel, band-pass filters 
centered at characteristic emissions of hydrogen plasma, are placed in front of the photodiode. For the 
present study, a filter centered on the intense part of the Lyman-band emission at 161 nm with a full 
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width at half maximum of 20 nm is used. The VUV irradiance meter is chosen instead of the VUV 
spectrometer due to its higher signal-to-noise ratio, especially for low power conditions. 

The measurement of the Lyman-band is very important because of its relation with the vibrational 
excitation of the gas. Lyman-band is emitted during the decay of the B1Σu

+ singlet, which together with 
the decay of the C1Σu

+ singlet, is the main source of vibrationally excited molecules of a hydrogen 
discharge as discussed above. The transitions from the B1Σu

+ singlet back to the ground state are optically 
allowed and, thus, its lifetime is in the order of ns [35]. At the same time, the measured irradiance 
includes the most intense part of Lyman-band which accounts for the majority of irradiance. 
Furthermore, the contribution of cascade effects from upper singlet states on the measured emission can 
be considered small in comparison to the effect of direct excitation to the B1Σu

+ state. Thus, it may be 
argued that the irradiance is proportional to the excitation rate to the B1Σu

+ singlet. 
VUV emission spectroscopy is similarly applied in ROSAE III (see details in [33]) for accessing the 

Werner (90−132 nm) and Lyman (90−170 nm) bands, corresponding to transitions from the first two 
excited singlets to the ground state of the hydrogen molecule. 

 
3.5. Synchrotron radiation. With the VUV absorption on the DESIRS beam line [36], it is possible to 
probe selectively the (ro)vibrational levels of excited H2(v", J) molecules in the plasma. Results from 
ROSAE III are here reported with respect to surface-enhanced (ro)vibrational molecular excitations for 
increased DA. The monochromatized synchrotron radiation enters into the chamber through an MgF2 
window (to isolate the chamber from the synchrotron side which is at about 7.5x10-8 Torr) where it is 
selectively absorbed by these molecules. The remaining light directly hits a solar blind VUV photo-
multiplier. In addition, to avoid stray light from the plasma itself, the synchrotron radiation is chopped by 
a tuning fork, oscillating at a constant frequency, for phase-sensitive detection, allowing a large 
improvement of the signal-to-noise ratio. More details may be found in Ref. [37]. 
 
 
4. REPRESENTATIVE RESULTS AND DICSUSSION 
 
Figure 2 and its caption provide indicative electron densities and energies downstream of the ECR 
coupling zones of the three reactors. Independently of the ECR network, the concept of producing two 
different (cold and hot) electron populations is met, and their density and energy may be tuned as a 
function of the operating conditions (see e.g. Fig. 2c). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Representative electron energy distribution and probability functions downstream of the ECR networks in different 
sources. a) Prometheus I (5x180 W; 4 mTorr; Te/cold = 1.54 eV; ne/cold = 3.9x109 cm-3; Te/hot= 15.2 eV; ne/hot = 2.1x108cm-3) 
[27], b) Camembert III (7x140 W; 3 mTorr; Te/cold = 1 eV; ne/cold = 1.4x1016 m-3; Te/hot= 3 eV; ne/hot = 0.34x1016 m-3) [30] and c) 
ROSAE III (4x50 W; 9.75 mTorr; Te/cold = 1.4 eV; ne/cold = 1.4x1016 m-3; Te/hot= 2.7 eV; ne/hot = 0.3x1016 m-3) & (4x190 W; 2.47 
mTorr; Te/cold = 0.7 eV; ne/cold = 0.13x1016 m-3; Te/hot= 2 eV; ne/hot = 0.46x1016 m-3) [30]. Part a) is reproduced (minor editing 
modifications) with permission of IOP Publishing in the format Other Published Product via Copyright Clearance Center 
(Order Detail ID: 71552559). Parts b) and c) are reproduced from Phys. Plasmas, 2013, 20, 101601, with the permission of 
AIP Publishing. 
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Figure 3 correlates the absolute density of the produced H- ions with the Lyman-band irradiance, 
under various operating conditions, in Prometheus I. Although the power is efficiently deposited on 
excitation processes (almost linear increase; Fig. 3b), the H- ion density increases moderately whereas it 
decreases at the lower pressure (Fig. 3a). It has been shown [27] that this fact is due to limited deposition 
of the power to ionization processes, preventing thus DA. Figure 3c clarifies this point by comparing the 
H- ion density (measured) with the cold electron temperature (measured) and the B1Σu

+ singlet excitation 
rate coefficient (calculated [27]).    

 
 
 
 
 
 
 
 
 
 
 
Figure 3. a) H- ion density and b) Lyman-band intensity versus the MW power per ECR module (5 in total), at different 
filling gas pressures. c) Correlation between the measured H- ion density, the measured cold electron density and the 
calculated B1Σu

+ singlet excitation rate coefficient. The results are obtained in Prometheus I [4, 27]. Figures are reproduced 
(minor editing modifications) with permission of IOP Publishing in the format Other Published Product via Copyright 
Clearance Center (Order Detail ID: 71552559). 
 

As regards the surface-enhanced production of vibrationally excited molecules, Fig. 4 indirectly 
supports its significance by presenting H- ion densities versus the MW power when the quartz internal 
surface of ROSAE III is partially covered with materials of different recombination coefficients [33]. The 
latter is approximately equal to 0.004 at 290 K for quartz and 0.5 at 240−300 K for Ta/W. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. H- negative ion density variation as a function of the applied MW power on a single ECR module installed in 
ROSAE III (single ECR module; 12 mTorr), for partial coverage of the inner surface with different materials (“quartz” 
corresponds to uncovered surface; see [33] for details). Reproduced (minor editing modifications) with permission of IOP 
Publishing in the format Other Published Product via Copyright Clearance Center (Order Detail ID: 71552575).   
 

Finally, under similar conditions with those of Fig. 4 in ROSAE III, (ro)vibrationally excited species 
are directly probed by means of synchrotron radiation absorption measurements. Figure 5 demonstrates 
the variation of the peak absorption for rotational transitions (R0, R1, R2, R3, P1, P2) in the B(v' = 0)  
X(v" = 3) (BX03) and B(v' = 0)  X(v" = 4) (BX04) vibrational levels.  
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Figure 5. Synchrotron radiation absorption of (ro)vibrationally excited H2 molecules in ROSAE III when its quartz (Q) 
internal surface is partially covered with tantalum (Ta) and tungsten (W) (single ECR module at 175 W; 12 mTorr) [33]. 
Vibrational transition: a) BX03 and b) BX04. Reproduced with permission of IOP Publishing in the format Other Published 
Product via Copyright Clearance Center (Order Detail ID: 71552575).   
 
 
5. CONCLUSIONS 
 
This paper comprises a brief review of representative results from different ECR plasmas (driven at 2.45 
GHz) with respect to hydrogen negative ion production. The concept relies on the use of electron 
cyclotron resonance modules for achieving dissociative attachment of low-energy electrons to highly 
vibrationally excited molecules. This volume production process may be enhanced by surface 
mechanisms leading to rich spectra of (ro)vibrationally excited molecules. Appropriately adapted 
diagnostic techniques for probing both charged species and excited neutrals have been considered, and 
the results validate the efficiency of this kind of microwave discharges for yielding H- ions. However, it 
is unveiled that this efficiency could potentially be increased if higher density of low-energy electrons 
were achieved with supplementary media. 
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Abstract. As shown recently [1], whenever an electromagnetic (EM) surface wave (SW) sustains a plasma column, 
it is preceded over a short axial segment of the plasma column situated in the immediate vicinity of the wave 
launching interstice by a non-guided wave. This wave can be regarded as a space wave since it spreads out, into the 
free space, part of the power flow that could have supplied the subsequent SW discharge (SWD). In that respect, 
coaxially surrounding the SWD with a circular waveguide (termed a Faraday cage (FC)) under cut-off conditions 
eliminates, to some extent (depending on its length), the corresponding space-wave power loss. Such an outcome is 
first suggested by the fact that the plasma column length is observed to be longer when enclosed within a FC at cut-
off, as opposed to calculations that predict, when ignoring the space-wave phenomenon, an increase in the electron 
density of the SWD as the diameter of the conducting enclosure around it is decreased, leading the plasma column 
length to decrease for a given power. In fact, experimentally the axial distribution of electron density in the plasma 
column enclosed in a FC at cut-off does not appear significantly different in shape from that in free space. However, 
integrating the axial distribution of electrons along the plasma column leads to a greater number of electrons when 
enclosed in a FC at cut-off, demonstrating that more SW power is made available as a consequence of the 
contribution of the space-wave power flow. The power loss due to space-wave radiation is calculated as a function 
of the length of the FC enclosing the plasma column. Even though the current work is centered on an SWD operated 
in argon at atmospheric pressure and at a field frequency of 915 MHz, some features are reported under different 
operating conditions (frequency, discharge tube diameter and gas pressure). It is observed that, for given operating 
conditions, the characteristic length of the space-wave radiation segment is constant and that its length decreases 
when increasing frequency; as a result, at 2450 MHz depending on the wave launcher used, it extends from 0.3 to 
2.8 cm only, possibly explaining that it has escaped the attention of researchers. In conclusion, a space-wave region 
always stands in the immediate vicinity of the interstice of the E-field applicator before a SWD develops, be it a 
tubular discharge or a TIA-TIAGO plasma torch [1]. Enclosing the plasma column in a FC at cut-off leads to an 
energy saving, approximately 30%, on achieving SWDs at both 915 and 2450 MHz.  

 
 
 
1. PROPERTIES OF THE SPACE-WAVE RADIATION REGION PRECEDING THE 
DEVELOPMENT OF A SWD 
 
1.1.  Location and extent of the space-wave radiation region. Consider first Fig. 1 that 
schematically displays the E-field applicator used to generate a tubular surface-wave discharge (SWD). 
The circular launching interstice (a 2–3 mm wide gap in the case of a surfatron) is the essential part of the 
various field applicators worked out for achieving efficiently tubular SWDs. The electromagnetic (EM) 
field emerging from this interstice allows generating a plasma column sustained by an EM surface wave 
in both directions from the gap. However, as illustrated in Fig. 1, the front column of the SWD begins at 
the power flow marked 𝑃(𝑧0), i.e. past the space-wave radiation region. 

In Fig. 2a, which plots the axial distribution of electron density, the SWD starts developing down the 
plasma column from the point designated with an arrow based on the fact that the linear decrease of 
electron density that ensues is an essential attribute of SWDs (as reported in the literature). Concerning 
the plasma column region preceding the SWD, its main features, according to Fig. 2a, are: i) its axial 
extent and shape remain the same when the microwave power is increased whereas its electron density 
increases accordingly; ii) the electron density and the intensity of the E-field at the end of this plasma 
segment reach a relative maximum value that delineate the beginning of the SWD. In this region 
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preceding the SWD, microwave power is radiated through a non-guided wave, designated as a space 
wave, whereas the SWD results form a SW guided along the plasma column axis. Similar observations (i 
and ii)) can be made with Fig. 2b, this time at a much higher frequency and at a higher gas pressure 
(atmospheric pressure), all measurements provided in this paper being made in argon discharges.  
 

 
Figure 1. Schematic representation of an EM field applicator with a circular aperture such as used for achieving tubular SW 
discharges, highlighting its essential part, namely the EM field interstice, typically forming in the case of a surfatron a 2–3 mm 
wide gap with a front plate 0.5 mm thick and edgy. As a result of the EM field emerging from the interstice in connection with 
microwave (absorbed) power Pa, a SW is launched in both directions (specifically past the 𝑃(𝑧0) point for the front wave1), 
sustaining a plasma column inserted in a dielectric tube. The impedance matching system of the feed line with the power 
generator is not represented.  
 

  
Figure 2. Radially averaged electron density measured along an argon SW plasma column sustained with a surfatron as a 
function of axial distance plotted: in (a) from the end of the plasma column of diameter 25 mm, at 80 mTorr (10.7 Pa) and at 
360 MHz; the leftmost data point in the figure is situated at approximately 1–2 mm from the launcher interstice [2]; in (b) from 
the launcher aperture along a plasma column in a tube of 1.94 mm inner diameter, at atmospheric pressure and 915 MHz [3]. 
The SWD is open to free space in Fig. 2a while in Fig. 2b it is inserted coaxially in a Faraday cage of radius RFc = 67.5 mm, 
much smaller than the minimum radius for wave cut-off in a cylindrical waveguide at 915 MHz2, which is RFc(co) = 96.1 mm. 
(a) Reprinted from [2], with permission of AIP publishing. (b) [3] John Wiley & Sons. Copyright  1990 WILEY-VCH 
Verlag GmbH Co. KGaA. 

                                                 
1 A space-wave region that precedes the back column from the EM field interstice is also expected. However, the 
corresponding space-wave losses are minimized by the fact that the back plasma column is surrounded by the surfatron body 
acting as a FC (generally under cut-off conditions). 
2 A circular waveguide enclosing (coaxially) at cut-off (on its fundamental mode) the plasma tube prevents waves to propagate 
within this conducting cage (but not the SW, which uses the discharge tube and the plasma as its propagating medium). The 
fundamental mode of a circular waveguide (i.e. the lowest frequency at which a wave can propagate within it) is the H11 (TE11) 
mode. The corresponding wavelength is given by λc= 2πRFc(co)/1.841. At 915 MHz, a circular waveguide (Faraday cage) with a 
radius smaller than RFc(co) = 96.1 mm is at cut-off, i.e., no wave can propagate within it. At 2450 MHz, RFc(co) is 35.9 mm [4]. 
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1.2.  Properties of the radiation region observed near the opening made for the passageway of 
the discharge tube in a TM010 Beenakker cavity used to achieve a tubular SWD. A TM010 Beenakker 
cavity can be utilized as a SW field applicator [5]. Figure 3 shows the axial variation, this time, of the 
intensity of the E-field radial component of the microwave field detected with an electric-antenna radially 
oriented and situated at 2 mm away from the discharge tube outer wall [6]. An EM wave does propagate 
from the cavity aperture, reaching a maximum intensity value at approximately 17 mm from it, after 
which it decreases almost linearly. The fact that the SWD really starts developing at 17 mm, specifically 
at the maximum of electric field intensity in Fig. 3, was established by noticing that the E-field intensity 
decreased radially in an exponential way at that position (not shown), which is an attribute of SWDs; such 
an exponential radial decay of the E-field intensity is observed, according to Lebedev [6], up to 
aproximately 90 mm, marking the end of the SWD. The first part of the curve up to its maximum value in 
Fig. 3 is ascribed by Lebedev to a radiation wave: as a matter of fact, when the the antenna is axially set 
at 8 mm from the launcher or farther away, namely at 90 and 110 mm, the E-field intensity radially 
decreases slowly away from the tube in contrast to the exponential radial decay observed in the SWD 
segment (corresponding figure not shown). 
 

 
Figure 3. Radial component of the E-field intensity detected with an electric antenna radially oriented with respect to the 
discharge tube as a function of axial distance from the launcher. The tip of the antenna is set at 2 mm from the discharge tube 
outer wall. The discharge is sustained in argon at atmospheric pressure from a Beenakker cavity supposedly operated on the 
TM010 mode (after [6]). 
 

The total length of the plasma column is 90 mm for 175 W in argon at atmospheric pressure and at a 
field frequency of 2450 MHz in a 2/5 i.d./o.d. mm tube. We believe that the plasma column length should 
be longer under these operating conditions, the Beenakker cavity being of a lower efficiency than a 
surfatron as a SW launcher3; moreover, claiming the operation of this device at atmospheric pressure to 
be under a "resonant cavity TM010 mode" condition seems greatly improbable, the high number of 
electron-neutral collisions at such a pressure preventing to achieve a high enough Q-factor in the cavity.  
 
1.3. Properties of the radiation region when sustaining a SWD with a surfaguide. In the case of a 
surfatron, the interstice plane is perpendicular to the end of a coaxial (internal) transmission line 
terminated on its other end by a conducting reflecting wall, an arrangement that should provide at the 
launching interstice an azimuthally symmetric power flow around the discharge tube. In contrast, the 

                                                 
3 The surfatron used in the current series of experiments is an optimized SW launcher [7], which in particular requires that the 
front plate forming the outer plane of the interstice be thin (typically 0.5 mm) with a sharp edge. For a given microwave power 
input, a 0.5 mm front plate yields 23% more electron density than a 2 mm one [7]. In [6], the cavity circular plate was 2 mm 
thick. 
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surfaguide wave-launcher4 (Fig. 4a) does not structurally ensure a similar azimuthally symmetric power 
flow at its exit around the discharge tube. This is because the movable plunger of the surfaguide system is 
tuned, for maximum power transfer (minimum reflected power) to the plasma column, leading to a 
maximum of intensity of the standing wave (within the waveguide) that takes place essentially on the 
portion of the discharge tube wall facing the plunger: microwave irradiation of the cylindrical discharge 
tube is thus asymmetric, as clearly shown from numerical calculations (for instance [9]) and, for example, 
in Fig. 4b at 210 µs. 
 

 
 

 
 

Figure 4. (a) Schematic diagram of the system utilized for achieving a SW plasma sustained with a surfaguide wave-launcher 
at 2450 MHz; (b), (c) and (d) are images taken with an iCCD under pulsed regime at a repetition rate of 50 Hz in helium gas at 
5 Torrs (≈ 667 Pa) in a 8/10 id/od mm tube for 8, 16 and 23 W average absorbed powers, respectively, the plasma running 
from right (surfaguide interstice) to left on the pictures [10].  
 

To investigate the space-wave radiation region of a SWD sustained with a surfaguide, it is enlightening 
to consider its operation under a pulsed regime, the mechanisms and properties of which are reported in 
[1]. Figures 4b, 4c and 4d display the variation of the total emitted-light intensity at successive elapsed 
times (from top to bottom), for a given average absorbed power. The plasma column runs from right 
(surfaguide interstice) to left on the pictures.  

The maximum of light intensity observed in the initial moments of the discharge is gathered, on the 
photos, on the upper part of the discharge tube, i.e., on that sector of the tube wall facing the plunger (first 
upper row in (b), second upper row in (c) and third and fourth upper rows in (d)), which results, as 
already mentioned, from tuning for maximum absorbed power with the movable plunger. Consider more 
specifically, for example, 210 µs in Fig. 4b: the light intensity of the discharge not being distributed 
symmetrically with respect to the tube axis indicates that a higher ionisation rate is occurring close to the 
wall on the plunger side; however, as time goes on, the plasma becomes azimuthally symmetric. In 
addition, after some elapsed time (at 225 µs in Fig. 4b and earlier at higher average powers), a region of 
constant length and radial extent demarcates, in the end, as a small reddish rectangle (in the photo) in the 
immediate vicinity of the launching interstice (which we assign to the radiation region) while the plasma 
                                                 
4 The gap of the launching interstice of the surfaguide is typically 15 mm for a WR-340 rectangular waveguide: it corresponds 
to the value of the tapering of the small wall of the waveguide such that the waveguide impedance matches that of the SW 
plasma column (seen as a transmission line). The thickness of the surfaguide plates forming the interstice is 0.9 mm [8]. 
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column develops in length with time (as a result of the propagation of the ionisation front of the SW, 
making up a SWD). At the highest average power considered (Fig. 4d, 23 W), initially (≈ 68–75 µs) the 
plasma is non-azimuthally symmetric5 over a longer plasma column length than at lower average powers. 
Nonetheless after some 75 µs in 4d and later on, the non-SWD plasma segment becomes constant in 
length (≈ 8 mm) and radial extent: we consider these two features as an attribute of the space-wave 
radiation region under continuous operation, although this zone has extended over a longer distance along 
the dielectric tube at earlier times. At long enough times after, the plasma column outside the space-wave 
radiation region becomes azimuthally symmetric, which we ascribe to a SW plasma column: it lends us to 
assume that the plasma column becomes azimuthally symmetric once the radiation region has itself 
become symmetric. At this point, we conclude that the SWD develops once the radiation region has 
become constant in length and radial extent, and azimuthally symmetric.  
 
1.4. Space-wave radiation zone along the TIAGO plasma. Figure 5a is a schematic representation 
showing that part common to both the TIA and TIAGO devices. It is a hollow conducting rod, carrying 
the discharge gas within it, and ending in the form of a nozzle emerging from a surfaguide. The plasma 
flame achieved is composed of two regions (Fig. 5b): i) a bright, filament-like plasma, starting at the tip 
of the torch nozzle, corresponding to a non-SWD ionised segment, called the dart [1]; ii) the region 
beyond the dart, which increases in length (and then in volume) with power, called the plume, which we 
have demonstrated to be a SWD [1]. 
 

 
 

Figure 5. (a) The conducting rod ending in the form of a nozzle as it emerges from the surfaguide field-applicator (represented 
by its front and back (edgy) walls); the carrier gas flows through the inner part of the rod; (b) the plasma flame, starting at the 
nozzle tip, is constituted of the dart followed by the plume, the latter expanding both in length and volume with power. 
Reprinted from [12]. Copyright (2013), with (paid) permission from Elsevier. 
 

Figure 6 is a photograph at a given flow rate of the plasma flame at the tip of the TIAGO as a function 
of microwave power. It shows that after reaching a given power level (≈ 250 W) and above it, the dart 
region does not vary in length. Beyond the dart, the plume starts to grow in length with power at 350 W 
and, in the present case, also in volume since plasma is confined within a (dielectric) tube: the extent of 
the plume is partially limited by the length of the surrounding tube, which furthermore induces reflection 
at its extremity. The fact that the dart region does not exceed a given length is a trait of the non-SWD 
region of tubular SWDs while, similarly, the fact that the plume region expands with microwave power is 
also a feature observed in tubular SWDs. These two characteristics are further examined in the next 
figures according, this time, to their electron density. 

                                                 
5 Close observation of this non-SWD region suggests that the EM field initially progresses from the interstice along the upper 
wall of the dielectric tube, before it transforms into a SWD. In fact, a SW can propagate along a dielectric medium alone [11]. 
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Figure 6. Several images taken (1/250 s exposure time) from the flame generated at 2450 MHz and atmospheric pressure at 
0.5 standard litre per minute (slm) of argon for different microwave powers. Reprinted from [12]. Copyright (2013), with 
(paid) permission from Elsevier.  
 

Figure 7 is a plot of the electron density (obtained from the Stark broadening of the Hβ line, without 
accounting for the van der Waals broadening) as a function of distance from the tip of the TIA nozzle 
[13]. Plasma is sustained at 2450 MHz in a He/H2 9/1 pre-mixed gas flow at a rate of 10 slm (a high 
enough flow rate for ensuring satisfactory confinement of the plasma flame) emerging at ambient 
atmospheric pressure. The 0 ≤ z ≤ 3 mm region is a non-SWD plasma segment that we ascribe to the 
space-wave region. For z > 3 mm, the electron density decreases linearly with z and the plasma is thus 
sustained by a SWD, as we have previously demonstrated [1].  
 

 
 
Figure 7. Measured electron density as a function of axial distance from the tip of the TIA nozzle. Plasma is sustained at 2450 
MHz in a He/H2 9/1 pre-mixed gas flow at a rate of 10 slm at atmospheric pressure [13]. The dotted line emphasizes that 
electron density depends linearly on axial position, as is the case with tubular SWDs [1]. Reproduced from [13] with 
permission. 
 

From the various kinds of SWDs examined above, a general feature emerges: the extent in length of 
the space wave region decreases with frequency as reported in Table 1 (2450 MHz data for surfatron from 
[1], from [10] for surfaguide). The fact that the radiation segment extends on a distance much smaller 
than the wavelength, as reported in Table 1, is a characteristic of electromagnetically short antennas. 
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Table 1. Plasma column length of the space-wave radiation region Lspace and ratio of Lspace to corresponding EM 
wavelength in vacuum λ0. Except otherwise indicated, there is no FC around the discharge tube 

Frequency 
(MHz) 

Wave launcher Lspace 
(cm) 

Lspace / λ0 

360 Surfatron 33 ± 1 0.40 
915 Surfatron 4.3 ± 0.1* 0.13 
2450 Surfatron 2.8 ± 0.2 0.23 
2450 Surfaguide 0.7 ± 0.1 0.06 
2450 Beenakker cavity 1.7 0.14 
2450 TIAGO system 0.30 ± 0.05 0.025 

*With RFC = 67.5 mm where cut-off radius ≤ 96.1 mm 
 

The space-wave region becoming smaller and smaller as the SW frequency is increased (in particular 
with the surfaguide as wave launcher), the existence of a radiation region might have escaped the 
attention of researchers at 2450 MHz. 
 
1.5. The minimum length of a Faraday cage (FC) at cut-off that avoids perturbation to 
measurements due to space-wave radiation in the room. Determining the characteristics of the SWD 
sustained at 915 MHz led us to abandon probing a plasma column completely open to free space: the 
radiation emitted by the space wave into the room prevents making reliable and reproducible 
measurements. We therefore turned to implementing coaxially to the discharge tube a cylindrical FC at 
cut-off immediately at the surfatron exit (see Fig. 8), looking for the shortest such cage that would 
provide stable readings and recordings. A 3 cm long FC was found to do the job. This fact constitutes a 
further proof of the existence of a wave not guided along the plasma column (as a SW is), thus radiating 
into the room and that originates immediately past the launcher interstice showing, by the same token, 
that the SW, contrary to what was thought earlier, is not responsible for radiation in the room. 
 

 
 
Figure 8. Photographs showing the plasma column obtained with a 915 MHz surfatron: a) no conducting cage at all; b) 
enclosed in a 22.5 mm radius FC corresponding to wave cut-off in a circular waveguide (see Footnote 1). The cage length is 3 
cm, which was found to be the minimum FC length averting space-wave radiation from affecting our measurements; c) 
enclosed in a 22.5 mm radius FC, 30.5 cm long, which is beyond the plasma column length. Absorbed power is 300 W in each 
photo. The axial slot in the FC allows making field intensity and spectroscopic measurements along the plasma column.  
 
1.6. The power lost from space-wave radiation reduces the total amount of electrons in the 
discharge. A possible way to cut down space-wave radiation losses is, as already mentioned, to enclose 
the discharge in a "circular waveguide" at cut-off. It prevents waves to propagate within this conducting 
(Faraday) cage (but not the SW, which uses the discharge tube and the plasma as its propagating medium) 
as well as it avoids wave power losses to the outside world due to space-wave (also possibly designated 
as volume or non-guided wave) radiation.  

Figures 9a and 9b show that the plasma length is significantly longer when the discharge tube is 
entirely surrounded by a FC at cut-off. At 915 MHz (Fig. 9a, obtaining a 25 cm long column requires less 
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than 29% microwave power when inserted in the 30.5 cm long FC at cut-off compared to the 3 cm 
minimum length FC. At 2450 MHz, although the extent of the space-wave region is shorter than at 915 
MHz (Table 1), Fig. 9b shows a similar power gain (or energy saving): a 17 cm long plasma column, 
surprisingly, also requires 29% less power (the error bar in both figures is nonetheless ± 10%). The longer 
plasma column length obtained under cut-off conditions is clearly the result of the space-wave power 
flow contributing to the SW power flow sustaining the SWD. This mechanism is further documented 
through Fig. 11 below and examined in Section 3.  
 

  
 
Figure 9. SWD column length as a function of microwave power when coaxially enclosed inside a cylindrical Faraday cage at 
cut-off (22.5 mm radius), one of minimum length (3 cm at 915 MHz in (a) and 1.5 cm at 2450 MHz in (b)) and the other being 
longer (30.5 cm) than the full length of the plasma column. At 915 MHz (a), 29% less power is required for a 24 cm long SWD 
fully surrounded by a FC at cut-off, while at 2450 MHz (b), also 29 % less power is needed for a 17 cm plasma length (the 
error bar is ± 10% in both cases!). The 915 MHz plasma column is sustained with a surfatron while at 2450 MHz the SWD is 
achieved with a surfaguide. 
 

  

Figure 10. Axial distribution of electron density along a SWD sustained in argon at atmospheric pressure and at 915 MHz, 
enclosed in a Faraday cage under cut-off conditions (RFC = 22.5 mm): (a) minimum length FC (3 cm); (b) longest FC (30.5 
cm), longer than the plasma column length at 300 W. 
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Figures 10a and 10b display the axial distribution of electron density of the plasma column when 
enclosed inside a FC at cut-off: (a) with the FC of minimum length (3 cm); (b) with the longest FC (30.5 
cm), longer than the plasma column at 915 MHz and 300 W. The data points are rather spread out in Fig. 
10a, which could result from the remaining space-wave radiation since the FC is only 3 cm long, in 
contrast to Fig. 10b where the FC extends beyond the plasma column length. 

In Fig. 10a, the electron density increases as z increases from 0 up to 1 or 2 cm and then decreases 
toward the end of the column. At 100 W, this decrease is somehow linear, as expected from a SWD 
plasma column; at 200 and 300 W, past the maximum of electron density it is only possible to observe 
that the electron density tends to decrease. In contrast, in Fig. 10b, the maximum of electron density is 
reached at a higher z value (5 or even 7 cm), furthermore the maximum of density is not as sharp as in 
10a, but the axial distribution of electron density, at least at 100 and 200 W, decreases linearly when 
accounting for the uncertainty margins. 

Figure 11 corresponds to the integration6 of the electron density of the axial distributions in Figs. 10a 
and 10b obtained at 100, 200 and 300 W. Clearly, there are more electrons when the SWD is enclosed in 
a circular waveguide at cut-off; at 300 W, it means 30% more electrons.  

Summarizing the findings of this Section: i) space-wave radiation is taking microwave power away 
from the SWD, in fact this power is lost in the room when there is no FC; ii) the maximum increase in 
plasma length is obtained with a FC at cut-off that exceeds the plasma column length; iii) the general 
shape of the axial distribution of electron density is similar with the plasma column surrounded or not by 
a FC at cut-off; iv) when the plasma column is completely enclosed in a FC, the microwave power 
absorbed per electron θ is clearly constant whatever the plasma column length (or microwave power). 
This comes out from the fact that the total average electron density (ne total) increases linearly with 
microwave power, hence that the power absorbed per electron remains the same.  
 

 
 

Figure 11. Average total electron density resulting from integration of the electron density of the axial distributions in Figs. 10a 
and 10b at 915 MHz in argon gas at atmospheric pressure in a 6/8 mm id/od fused silica tube. The radius of the FC is 22.5 mm. 
 
  

                                                 
6 The total number of electrons resulting from the axial integration of their density is normalized to the corresponding 
discharge tube inner volume.  
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2. CALCULATED INFLUENCE OF THE RADIUS OF A CONDUCTING ENCLOSURE ON 
THE SW PLASMA COLUMN LENGTH WHEN NOT ACCOUNTING FOR SPACE-WAVE 
RADIATION 
 
When the radius of the metallic enclosure coaxially surrounding the SWD is sufficiently small, 
calculations predict a shorter plasma column than that observed experimentally. This comes out from 
Fig. 12a, which shows that for a 915 MHz E-field, the length of the SW plasma column, initially without 
any conducting enclosure (RFC > 1000 mm), first slightly increases when decreasing the cage radius, 
showing a longer plasma column at RFC = 96.1 mm, which is the minimum radius of a FC achieving cut-
off conditions. However, for still smaller FC radii at cut-off, namely RFC = 45 mm and 22.5 mm, the 
plasma column length becomes smaller and, in the latter case, much smaller (approximately half the 
length) than the plasma column with no FC. This outcome can be understood with Fig. 12b, which reveals 
(from right to left) that the attenuation coefficient α of the SW first decreases with decreasing RFC values, 
reaching a minimum value at approximately 130 mm: a smaller attenuation coefficient yields a lower 
electron density, hence a longer plasma column; afterwards, as RFC keeps on decreasing, α increases, thus 
the plasma column length decreases. The end result in Fig. 12a is in full opposition with experiments 
since, in reality, the SW plasma column becomes significantly longer when surrounded by a FC at cut-off 
(Figs. 9a and b).  
 

  
 

Figure 12. (a) Calculated plasma column length as a function of power in the following cases: open to free space (no FC), for 
the minimum RFC ensuring cut-off (96.1 mm), and for RFC= 45 mm and 22.5 mm (much below cut-off conditions), ignoring the 
space-wave radiation phenomenon; (b) calculated SW attenuation coefficient α showing that it decreases drastically as a 
function of the FC radius to reach a minimum value (130 ± 10 mm) and then slightly increases to set to a constant value.  
 
 
3. CONTRIBUTION FROM THE SPACE-WAVE POWER FLOW TO THE SUSTAINING OF 
THE SWD WHENEVER THE PLASMA COLUMN IS SURROUNDED BY A FARADAY CAGE 
(FC) UNDER CUT-OFF CONDITIONS  
 
EM fields are present all along the plasma column when generating a SWD. In the case where there is no 
FC at cut-off enclosing the discharge, there are two distinct and separate types of EM fields: i) that of the 
space wave due to the wave launcher, which gives rise to an EM radiation segment akin to the one 
encountered with (short) antennas in their near-field domain [14]; ii) that of the EM SW sustaining the 
plasma column as soon as the SWD starts developing. The transition from the (antenna) space wave to the 
surface wave is believed to occur whenever the electron density fills radially the discharge tube (in 
surfatron and surfaguide driven SWDs) such that its distribution is symmetric, which could be reached 
when the space wave is far enough from the antenna; then the space wave has become phase coherent (E 
and H fields are now perpendicular to each other) and the E-field intensity has attained a high enough 
value so as to generate, simultaneously, an average electron density allowing the SW to propagate and 
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thus sustain the discharge. In contrast, when a FC at cut-off extends all along the plasma column length, 
the space wave (which has become evanescent) and the SW powers flow, we believe independently, 
toward the end of the SWD as they attenuate, contributing both to the ionization of the SWD. 

Figure 13 establishes through calculations (surfatron dimensions extended to 915 MHz from those of 
Hagelaar and Villeger at 2450 MHz [15]) and without any fitting that a little more than 30% of the power 
absorbed, in principle destined to sustain the SW plasma column, is lost through space-wave radiation in 
the case of a discharge tube open to free space (no FC). With increasing FC lengths up to 6 cm, radiation 
power loss is found to drop off rapidly while for longer FC lengths, the power decreases comparatively 
much slower to reach a zero value at LFC = 22 cm, the assumed plasma column length.  

 
Figure 13. Calculated power radiated by the space wave as a function of the FC length at cut-off for a 2450 MHz surfatron 
wave launcher assuming it is operated at 915 MHz [15]. With no cage at all (LFC = 0), approximately 30% of the absorbed 
power is lost in space-wave radiation. RFC is assumed to be 22 mm and plasma column length 22 cm. 
 

Figure 14 displays measured plasma column lengths as functions of microwave power at 915 MHz for 
different lengths of FC at cut-off (RFC=22.5 mm). The shortest FC length examined is 3 cm, which is, as 
already mentioned, the minimum FC length under cut-off conditions to acquire stable and reliable 
measurements. Measured values obtained at 6.5 cm and up to 14.5 cm exhibit very similar plasma 
lengths, as can be inferred from the calculated curve in Fig. 13. The highest FC length considered, 30.5 
cm, leads to a slightly higher plasma column length than the 6.5−14.5 cm set of curves. This might be due 
to the fact that the FC then totally encloses the plasma column length, avoiding wave reflection that can 
occur when part of the plasma column goes through the open end of a FC smaller than the plasma column 
length. 

 

 
Figure 14. Measured plasma column lengths as functions of (absorbed) microwave power for different lengths of the FC at 
cut-off. Same conditions as in Figs. 10a and b. 
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Figure 15 is the calculated radiation pattern for the space wave generated from a surfatron (behaving as 
an antenna) at 915 MHz and for different lengths of the FC at cut-off (RFC = 22 mm). It shows a polar 
angle close to 30° when the discharge is open to free space while there appear two lobes with respect to 
approximately 00 when the FC length is 75 mm or longer, these lobes then becoming of lower and lower 
intensities, as expected from Fig. 13. 
 

 
 

Figure 15. Calculated radiation pattern for the space wave in the case of a 915 MHz surfatron, as in figure 13. The plasma 
column axis is aligned along the -90° – 90° line, which makes that the elevation angle Θ, determined with respect to the SW 
propagation direction (discharge tube axis), is thus complementary of the polar angle relative to a right angle. 
 
 
4. SPECIFIC FEATURES OF A PULSED OPERATED SWD DUE TO THE SPACE-WAVE 
RADIATION REGION PRECEDING THE DEVELOPMENT OF THE SW PLASMA COLUMN  
 
In a previous paper [1], we have suggested that the maintenance E-field intensity of a discharge is that 
applied by the operator at the very start of a pulse, provided the off-time of the previous pulse was long 
enough for the plasma particles to all vanish before. In some types of discharges, for example the positive 
column of a DC discharge, the beginning of the pulse should correspond to the maximum electron density 
attainable since afterwards the intensity of the maintenance E-field decreases as the number of particles 
generated increases, increasing power losses. In the case of a SWD, the maximum electron density is 
reached only past the elapsed time required to span the space-wave radiation region. Thus, it is expected 
that maximum "efficiency" of the resulting SW discharge, i.e. reaching for instance the highest excitation 
and ionization rates, is obtained after a certain delay time, not at the very start of the pulse. To estimate 
the minimum delay time required before initiation of the SW plasma column, we turned to Figs. 4b, c and 
d, assuming that a SWD has begun to develop whenever the plasma column observed in the photos is 
symmetric and continuous (no break along it). The results are gathered in Table 2 for three different 
average powers.  
 
Table 2. Minimum estimated time (or period) before a SWD develops after applying microwave power and 
corresponding pulse frequency 

Average microwave 
power 
(W) 

Beginning time  
of SWD 

(µs) 

Corresponding minimum 
pulse frequency 

(kHz) 
 8  237 12.6 
 16  186 16 
 23  82 36.6 

 
Clearly, the higher the applied average microwave power of the pulse, the shorter the time (period) 

needed for the SWD to start developing. This phenomenon could explain the observation of an optimum 
pulse repetition rate for a given plasma-related feature.  
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5. SUMMARY  
 
To determine to what extent a space-wave radiation segment necessarily anticipates the formation of a 
SWD, four types of wave launcher, namely surfatron, surfaguide, Beenakker cavity and TIAGO system, 
were utilized to that effect. In all four cases, it was confirmed that the SWD starts to develop only after a 
space-wave radiation region has been established, the axial length of which (above a minimum 
microwave power) does not increase with increasing power level, but its electron density as a whole does. 
It was further found that the length of this non-SWD plasma segment decreases as frequency is increased. 
Recall that a SW plasma column is identified by the fact that the axial variation of its electron density, in 
contrast to the (initial) non-SWD segment, decreases linearly away from the launcher.  

Such a non-guided radiating space wave had been first reported by Burykin et al [16] coming from a 
positive plasma column along which a (non-ionizing) SW had been launched. These authors attributed the 
generation of the radiation to a non-uniform portion of the cylindrical plasma column (a relatively abrupt 
change in the tube diameter) along which the SW propagated creating a space-wave. Under their 
operating conditions, they found experimentally a radiation pattern having its main lobe at an elevation 
angle Θ = 25°. Later on, space-wave radiation forerunning a SWD was disclosed by Lebedev [6]. 

The space-wave segment generates EM emission in the lab to such an extent that it prevents making 
reliable measurements. A relatively short length FC under cut-off conditions (30 mm and 17 mm long at 
915 and 2450 MHz, respectively) is, in this case, enough for preventing the non-guided wave to radiate in 
the lab. This is a further confirmation of the existence of space-wave radiation, and of the fact that the SW 
sustaining the discharge is, in contrast, well guided (and confined) along the plasma column.  

Besides radiation in the environment, space-wave radiation is responsible for power losses, i.e. power 
not used to generate electrons in the SWD. For example, a FC under cut-off conditions with a length 
exceeding the SWD column length provides at 915 MHz in argon gas at atmospheric pressure 30% more 
electrons than with the 3 cm minimum length FC. In such a case, the space wave (which has become 
evanescent) and the SW powers are believed to flow independently, toward the end of the SWD as they 
attenuate, contributing both to the ionization of the SWD. 
 
 
6. RESEARCH PERSPECTIVES  
 
The power loss (and radiation in the environment) related to achieving SWD is a negative aspect that 
needs further examination as far as the operating conditions of SWDs are concerned (frequency, tube 
diameter, gas pressure). An important open question is how ionization is achieved in the non-SWD 
segment and how it "reconnects" with the SWD when it starts developing. In the case of the surfaguide 
SW plasma, photos clearly show that it is the dielectric material of the tube (specifically that part of its 
wall facing the plunger plane) that first carries the EM field into the tube at the same time that it generates 
some electrons in it (not enough to achieve SW propagation). The role of this non-SWD segment 
particularly needs to be clarified in the case of the TIAGO system, since there is no dielectric (except 
neutral gas) between the tip of the launcher and the atmospheric-pressure SWD plasma. 
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Abstract. Microwave Argon plasma torch is sustained by 2.45 GHz electromagnetic wave travelling along the 
plasma–dielectric boundary. When the plasma torch is in contact with a liquid both the plasma properties are 
changed during the interaction with the liquid and the liquid physical and chemical characteristics are modified as a 
result of the plasma treatment. This plasma is strongly non-equilibrium: the electron energy distribution function 
(EEDF) is non-Maxwellian and the gas temperature Tg is much lower than the electron temperature Te   (Tg << Te). 
Usually for these plasmas Te ~ 1–2 eV, and Tg ~ 1000–4000 K. In our case we have produced Argon plasma torch 
with Tg close to the room temperature. At these discharge conditions, as a result of plasma treatment, chemically 
active radicals are produced inside the liquid. In distilled water, even at short treatment time (30 to 60 s) and wave 
power up to 20 W a noticeable concentration of H2O2 is reached [1]. The pH and the liquid conductivity are also 
changed as a result of plasma treatment. The plasma properties also change at the interaction with liquids. These 
changes depend on the type of the liquid and the discharge conditions. Some aspects of the plasma torch interaction 
with water are studied in [2]. Other theoretical and experimental results are presented in this work. 
 
 

 
1. INTRODUCTION 
 
The low-temperature, non-equilibrium atmospheric pressure plasmas have attracted increasing interest as 
simple and less expensive plasma sources operating in open space for various applications in biology, 
medicine and environmental protection. One of the promising innovative technologies for removal of 
pollutants in wastewater is based on plasma generated by electrical discharges in liquids or gas discharges 
in contact with liquids [3–7]. This is the reason that the interaction of non-equilibrium plasmas with 
liquids is now a “hot topic” in plasma science and technology.  

The plasma sources used in this interdisciplinary field are generally of three types: (i) gas discharge 
plasma jets produced above the liquid and interacting with it; in some cases the liquid plays the role of the 
second electrode; (ii) electrical discharge generated inside liquid; (iii) multiphase gas-liquid discharges 
such as gas discharges with sprays or foams and discharges in bubbles inside liquids. A detailed review 
and roadmap in the field of plasma–liquid interaction can be found in [8]. 

The most popular plasma jet sources are the DBD discharges created by radiofrequency (13.54 or 27.2 
MHz) power supplies [9–11]. Typically, the plasma is produced in helium in order to provide a stable 
operation at low power at atmospheric pressure. In these plasma jets, the chemically active particles are 
produced in the active discharge zone and are flowing down-stream from it to the post-discharge region 
where the sample treatment takes place. These types of plasma jets were intensively studied in the frames 
of COST Action MP1101 [12–15]. 
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We are investigating the interaction with liquids of another type of plasma source, a microwave Argon 
plasma torch. The plasma is sustained by travelling electromagnetic surface wave with frequency of 2.45 
GHz excited by a surfatron type wave launcher [16], known as surface-wave-sustained discharge (SWD) 

(Fig. 1). Usually, SWDs operate at low and intermediate 
pressures and high wave power (> 100 W) in noble gases 
because filamentation occurs at atmospheric pressure [17]. We 
have produced stable and reproducible surface-wave plasma 
both inside the dielectric tube and outside it at low wave power 
(< 50 W) in Argon at atmospheric pressure. Electromagnetic 
surface wave excited by the surfatron propagates along the 
plasma–dielectric tube interface. If the discharge tube is short 
enough and the wave power is not completely spent at its end 
the wave continues its propagation after the end of the tube 
sustaining in this way plasma in the open air (plasma torch). 
The plasma torch is not afterglow as in the plasma jets but it is 
an active discharge region where the plasma is produced. Thus, 
all active plasma components, including short term living 
particles, are presented up to the end of the plasma torch: 

electrons, ions, radicals and excited atoms, electromagnetic field, UV radiation, heat. Therefore, all they 
are simultaneously involved in the treatment of the sample or liquid. 

The surface-wave-sustained Argon plasma is non-equilibrium even at atmospheric pressure: the 
electron energy distribution function (EEDF) is non-Maxwellian and the translational temperature of the 
heavy particles (called gas temperature Tg) is much lower than the electron temperature Te (defined as Te 
= 2/3 <u>, where <u> is the mean electron energy obtained from the EEDF), Tg << Te. Usually Te ~ 1–2 
eV, and Tg ~ 1000–4000 K. In our experiments we have produced Argon plasma torch with Tg < 100°C 
and in some discharge conditions even close to the room temperature.  

As it is shown in [1], the interaction of surface-wave-sustained Argon plasma torch with liquids leads 
to changes in both the liquid and the plasma properties. One of the plasma torch characteristics that 
changed due to the plasma–liquid interaction is the torch length. It depends on the wave power, working 
gas flow rate and the size and dielectric permittivity of the discharge tube. We are reproducing here in 
Fig. 2 the results presented in Fig. 5(b) in [1]. The torch length is measured from the end of the quartz 
discharge tube which is at 2 mm out of the surfatron. The wave power varies from 12 to 40 W at two 
Argon flow rates used. The results confirm the well-known almost linear dependence of the SWD length 
on the wave power. New and surprising result is that when the water is present below the plasma the torch 
length is higher and this is better noticed especially at higher power. This is also illustrated in Fig. 3 in the 
wave power range from 28 to 40 W.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Argon plasma torch sustained by 
surfatron type electromagnetic wave 
launcher. 

Figure 2. Plasma column length as a function of the wave 
power at different discharge conditions with and without 
water below the torch (reproduced from [1]). 
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One can see from the graphs in Fig. 2 and notice in Fig. 3 that the plasma torch length suddenly 
decreases at higher power deviating from the linear increase. Without water below the torch this happens 
at 36 W while with water below it is at 40 W at the fixed other discharge conditions. The reason is the 
appearance of a shorter second filament with wave power increasing which is noticeable in the last two 
photos in the first row and the last photo in the second row in Fig. 3. 

From Fig. 2, it is also seen that the torch is longer when the Argon flow rate is higher at the same wave 
power. We should note that a stable plasma torch at a given wave power can be produced with a limited 
variation of the gas flow rate. 

It is also shown in [1] that as a result of plasma treatment of distilled water its properties change. Even 
at short treatment time (30 s), the characteristic concentration of hydrogen peroxide (generated by 
plasma–water interaction) inside the distilled water is noticeable and increases with increasing of the 
wave power. The H2O2 plays an important role in various biological, biomedical, environmental and 
wastewater treatments. It is one of the most powerful oxidizers, able to destroy organic contaminates 
which are ordinarily difficult to destroy, as well as inactivating cells of living organisms. This is the 
reason why its creation and concentration determination is important. 

At low wave power used in our experiments, the plasma only can touch but not penetrate inside the 
liquid. In addition, because of the very high water relative dielectric permittivity (about 80 at 2.45 GHz) 
the electromagnetic wave with low power cannot propagate along a water–plasma boundary [2]. In order 
to understand the H2O2 production and the other effects inside the water we have investigated the 
processes at plasma–liquid interface and the concentration of active particles there. 
 
 
2. EXPERIMENTAL 
 
A part of the experimental set-up is shown in Fig. 4. For water treatment, we are using the surfatron in 
vertical position so that the produced plasma torch can touch the water surface.  

The schematic drawing of the experimental set-up is similar to the one presented in [18]. We are using 
a solid state microwave power supply operating at 2.45 GHz frequency and power up to 200 W (Sairem, 
GMS 200 W) connected by a flexible coaxial cable to the electromagnetic surface wave launcher 
SURFATRON 80 (Sairem). The plasma is produced in a quartz tube (i.d. 3.0 mm, o.d. 8.0 mm) inside the 
surfatron but not appearing outside so that only the plasma torch exists at the surfatron and tube end. The 
wave power is fixed to 20 W and the Argon flow rate is 1.5 l/min. The FLAME-S-UV-VIS Spectrometer 
(Ocean Optics) was used for the spectra acquisition. The light emitted by the discharge was focused by 
quartz UV/VIS Collimating Lens, 200–2000 nm. Following the approach in [18], bands of NO-gamma, 
OH (A→X), N2 second positive systems, as well as Argon and Oxygen atomic lines were determined in 
spectra at different conditions. 
 

  28 W                         32 W                         36 W                         40 W 

Figure 3. Plasma column length at internal tube diameter 3 mm and various input powers. Upper row – 
without water; lower row – with water below the torch. 
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Plasma torch at various discharge conditions is also used for water treatment. Samples were taken from 
two artificial lakes and they contain organic and inorganic natural pollutants. Generally, pollutants 
concentrations in these samples are lower than concentrations used in the model experiments. 

 
 

3. RESULTS 
 
3.1. Active particles at plasma–liquid interface. The spectra of the plasma torch emitted light are 
collected in three different cases: (i) pure Argon torch in the air without liquid below it; (ii) Argon plasma 
torch touching the distilled water below it; (iii) Argon plasma torch touching physiological saline solution 
(0.9% NaCl). It is presented in Fig. 5 for the wavelength range 200–850 nm. The following bands are 
shown in the spectrum: NO-gamma 0-2 band (244.5–248.0 nm), OH(A→X) 0-0 band (306.0–310.8 nm), 
N2 second positive 0 sequence and argon and oxygen atomic lines. The comparison of the relative 
intensities in the three cases under investigation shows mostly significant increase when the liquid is 
below the plasma. It is better visible in Fig. 6 (a)–(d) for the different lines. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Emission spectra of Argon plasma torch in air (dot), at distilled 
water surface (dash) and at saline solution surface (solid). 

Figure 4. Part of experimental set-up showing the plasma 
torch position at the water surface. 

114



115 
 

 
As expected, the intensity of OH lines significantly increases (about 10 times) when the water (both 

distilled and with NaCl) is below the plasma torch and plasma interact with the liquid (Fig. 6a). With the 
liquid below the torch the N2 intensity increases about 2 times and the intensity is almost the same for 
distilled water and saline solution (Fig. 6b). An interesting effect can be seen in Fig. 6c: the intensity of 
NO increases about two times when the plasma torch interact with the distilled water but slightly 
decreases when the torch is in contact with the saline solution in comparison to the NO intensity of torch 
in air. It is also interesting to notice that the Argon lines intensity increase with water below the torch 
which is shown in Fig. 6d. The atomic O lines have the same behavior as the Ar line in Fig. 6d (not 
shown here). 

We assume that the plasma torch electrons react with the ambient air molecules to produce the above 
mentioned particles, e.g.  

e– + O2 → 2O• + e–, 
e– + N2 → 2N• + e–, 

e– + H2O → H• + OH• + e–. 
The OH concentration depends on the humidity at the given moment and cannot be well controlled. 

With water or water solution below the torch the region above the liquid surface is enriched with water 
molecules because of the evaporation which is one of the effects of plasma–water interaction. Thus, the 
OH intensity significantly increases. 

The other observed effects in Fig. 6 need more complex chemistry to be taken into account. The 
increase of Ar line intensity with liquid below the plasma torch is just opposite to the behavior when 
small admixture of N2 or O2 is added to the Ar plasma torch in open space. As it is shown in [18] the Ar 
line intensity decreases in the latter case.   
 

Figure 6. Magnified parts of emission spectra of Argon plasma torch presented in Fig.5 for: (a) OH; 
(b) N2 second positive system; (c) NOγ system; (d) an Ar I lines. 

(d) (c) 

(b) (a) 
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3.2. Effect of plasma treatment on nitrates and phosphates concentrations in water. Nitrogen and 
phosphorus are nutrients that are essential for life in aquatic ecosystems but both can cause environmental 
harm when present in excess. The nutrient pollution is one of major problems in water bodies having 
generally an agricultural origin via the use of the chemical manures, municipal wastewater inflows, and 
other human activities. The excess of these nutrients causes an eutrophication of water and algal blooms 
so it is necessary to develop and research alternative methods for the effective treatment of surplus 
amounts of nutrients. In the experiment described below, the microwave plasma potential to eliminate 
excess nitrogen and phosphorus in natural waters was evaluated. The water samples from two eutrophic 
reservoirs with serious algal bloom – Pchelina (marked with Pch) and Telish (marked with Tl) were 
treated with microwave plasma torch. The treated volume of samples was 125 ml, the wave power 20 or 
30 W at the same Agon flow 2 l/min. The samples were treated without and with stirring (500 rpm). The 
nitrate and phosphate concentrations were analyzed before and after having been exposed to plasma torch 
treatment at exposure times of 1 and 5 min. 

In natural waters, the nitrogen-based chemistry is very complicated. The nitrogen have a great variety 
of forms: dissolved inorganic forms – nitrates, nitrites, ammonium ions; gases (N2, N2O, NO); dissolved 
organic nitrogen – urea, uric acid, amino acids, proteins and others; particulate organic nitrogen. Nitrate is 
the most common, oxidized and stable form of inorganic nitrogen in environment. It can be produced by 
oxidation of reduced forms or degradation of organics. At plasma treatment, these forms are transformed 
into one another. Additionally, various reactive nitrogen species can be generated at contact of plasma 
with water. The study of phosphorus dynamics at plasma interaction with liquids attracts less interest until 
now, but it is likely to be affected significantly at plasma treatment. In Fig. 7 the concentrations of nitrates 
and phosphates are presented. As can be seen, the nitrate and phosphate concentrations increased at 
plasma treatment but the effect of mixing and change of wave power was not one-way. 

 
3.3. Removal of hazardous organic pollutants from wastewater. A similar experiment was also 
performed to evaluate the effect of plasma on removal of high concentrations of hazardous organic 
pollutants – another serious threat, related to anthropogenic pollution of waters. The plasma 
characteristics and treatment conditions were the same with different exposure times – from 1 to 20 min. 
The organic pollutant was phenol (aromatic compound) in very high concentration – 500 mg/L. The 
results in Fig. 8 showed that the phenol was eliminated effectively by argon plasma torch, assessed by 
COD reduction in water (Chemical Oxygen Demand – test for easy measurement of organic oxidizable 
pollutants in water). More than 50% of the organic content is eliminated from the water in 5 minutes of 
treatment. 

Figure 7. Dynamics of nitrates and phosphates at microwave plasma treatment of water from Pchelina reservoir 
(left) and Telish reservoir (right): C – control; 20-1 – 1 min treatment at 20 W; 20-1v – 1 min treatment at 20 W 
and stirring; 20-5 – 5 min treatment at 20 W; 20-5v – 5 min treatment at 20 W and stirring; 30-1 – 1 min treatment 
at 30 W; 30-1v – 1 min treatment at 30 W and stirring; 30-5 – 5 min treatment at 30 W; 30-5v – 5 min treatment at 
30W and stirring. 
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Initial results on the treatment of natural and heavily polluted waters with microwave plasma sources 
indicate that the oxidative potential of water systems is activated. This potential can be directed and 
applied to water treatment by accelerating various oxidation processes depending on the type and 
concentration of pollutants and technological modules and facilities. 
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Abstract. A brief review of theoretical and experimental studies of secondary electron emission microwave 
discharge (multipactor) on a dielectric, carried out at the Plasma Physics Department of the Prokhorov General 
Physics Institute, Russian Academy of Sciences, is presented. The coefficient of microwave power absorption by a 
single-surface multipactor on a dielectric is found as a function of the incident microwave power and secondary 
electron emission properties of the dielectric. The dependence of the microwave power absorbed by a single-surface 
multipactor on the angle between the microwave electric field and the dielectric surface is studied analytically and 
numerically. Results of experimental studies of a single-surface multipactor on a dielectric in a rectangular 
waveguide are presented and compared with theoretical results. 

 
 
 
1. INTRODUCTION 
 
Suppression of microwave discharges in vacuum transmission lines of high-power microwave devices is 
a very challenging problem in various fields of science and technology, such as space and ground-based 
microwave communication [1, 2] and systems for microwave plasma heating in magnetic confinement 
devices [3, 4]. Microwave discharges deteriorate the transmission properties of vacuum waveguides, lead 
to intermodulation and generation of microwave harmonics, and may cause damages of the elements of 
transmission lines, including destruction of the input and output dielectric windows [5−12]. On the other 
hand, microwave discharges are widely used in modern technologies for material processing [13, 14] and 
the knowledge of their properties and conditions for their excitation is of great practical significance. 

An important stage of a microwave discharge on a dielectric or metal surface is the so-called electron 
multipactor − an electron avalanche caused by secondary electron emission (SEE) from the surface under 
bombardment by electrons accelerated in the microwave field. Two main types of multipactor discharge 
are traditionally considered in the scientific literature: single-surface multipactor on a dielectric and 
double-surface multipactor between two metal walls [15−19]. 

In the classical single-surface multipactor on a dielectric [16] (Fig. 1a), the external microwave electric 
field E0sinωt is directed along the dielectric surface and the emitted electrons return back to the surface 
under the action of the restoring force caused by the positive charge accumulated on the dielectric due to 
SEE. For this type of discharge to develop, it is necessary that the electron oscillation energy in the 
microwave field εosc = (eE0/ω)2/2me be higher than the first crossover energy ε1 (the energy of an incident 
electron above which the secondary emission yield (SEY) δ is larger than unity) [15, 16]. Here, e and me 
are the electron charge and mass, respectively; E0 is the microwave electric field amplitude; and ω is the 
microwave field circular frequency. 

In the simplest model of a double-surface multipactor [17, 18] (Fig. 1b), the external microwave field 
is directed perpendicular to the waveguide walls and the discharge develops if the electron transit time 
between the walls satisfies the resonance condition ttransit ≈ (2n +1)π/ω, where n is an integer. 

The bombardment of the dielectric by the electrons generated in a single-surface multipactor leads to 
the heating of a thin (~1 µm) surface layer of the dielectric. High temperature gradients (≥104 K/cm) 
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arising in this layer result in the appearance of microcracks on the dielectric surface. The multipactor can 
also reduce the threshold for the development of a surface microwave breakdown due to either ionization 
of the residual gas near the dielectric surface [20] or a short-term increase in the conductivity of the 
dielectric surface caused by the accumulation and of point defects of the crystal lattice (color centers) 
under bombardment by electrons accelerated in the microwave field and relaxation of these color centers 
with a release of free electrons in the dielectric [7, 9, 21]. 

 
Figure 1. Two main types of multipactor discharge: (a) single-surface multipactor on a dielectric and (b) double-surface 
multipactor between two metal walls. 

A typical scenario of a microwave discharge on a dielectric (LiF or NaCl single crystal) is illustrated in 
Fig. 2 [12]. The discharge develops through the multipactor, filamentary breakdown, and plasma flare 
stages. A feeble glow on the dielectric in the multipactor stage (Fig. 2a) is caused by the luminescence of 
color centers. The luminescence spectrum of short-lived (~1 µs) color centers produced under electron 
bombardment of an uncolored LiF crystal in a multipactor discharge is shown in Fig. 3a [21]. The growth 
of the luminescence intensity during the multipactor discharge (Fig. 3b) is related to the gradual 
accumulation of color centers in a narrow (d ~ 0.05 µm) surface layer of the dielectric. The surface 
density of color centers in the multipactor discharge can reach a value of N* ~ (1−3) × 1014 cm−2, which 
corresponds to their bulk density in the surface layer of n* ~ N*/a ~ 1019−1020 cm−3 [21]. Relaxation of 
short-lived centers results in the production of stable color centers with a density of ~1016 cm−3 for one 
multipactor discharge, i.e., the density required to form laser active medium in the crystal (~1020 cm−3) 
can be achieved for 104 multipactor discharges. 

 
Figure 2. Three stages of an electrodeless microwave discharge excited by pulsed microwave radiation on a solid dielectric in 
vacuum [12]: (a) multipactor (1000-fold light amplification), (b) filamentary microwave breakdown (no light amplification), 
and (c) plasma-flare microwave discharge (fivefold light amplification). 
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Thus, depending on the conditions and purposes of a particular experiment, the multipactor discharge 
can have either a negative or a positive effect. The negative effects are damages of input/output 
microwave windows, initiation of microwave breakdowns, and intermodulation in far space transmission 
devices. The positive effect is the possibility of using multipactor discharges to modify the surface 
properties of crystal dielectrics by creating color centers with a number density of up to 1020 cm−3, which 
can be used to form a surface layer of laser-active medium for the use in integrated circuits. 

 
Figure 3. (a) Luminescence spectrum of an uncolored LiF crystal excited by a pulsed microwave discharge and (b) waveforms 
(in arb. units) of (1) microwave power, (2) electron current from the multipactor region, and (3, 4) optical emission from the 
LiF crystal in the wavelength regions of 540 ± 2 and 670 ± 2 nm [21]. 

Single-surface multipactor on a dielectric can also develop when the microwave electric field is 
inclined with respect to the dielectric surface [22, 23]. Such conditions can occur on the surfaces of 
dielectric inserts on the waveguide walls and also when the microwave window is tilted relative to the 
axis of the microwave beam. Such a situation can also take place in the course of multipactor processing 
of dielectric crystals with the purpose of modifying their surface properties (coloring of jewelry crystals, 
creation of a surface layer of laser-active medium, etc.). In this case, the optimal regime of crystal 
processing can be determined not only by the power deposited in the discharge, but also the direction of 
the microwave electric field. In this context, it is of interest to examine how the coefficient of microwave 
power absorption in the multipactor depends on the inclination angle α of the microwave electric field 
relative to the dielectric surface. 

In the two limiting cases, the multipactor is excited by the microwave field directed parallel (α = 0) or 
perpendicular (α = π/2) to the dielectric surface. Further, we will refer to these types of multipactor as 
“parallel” and “perpendicular” multipactors, respectively. 

In this paper, we present a brief review of theoretical and experimental studies of multipactor 
discharges carried out at the Plasma Physics Department of the Prokhorov General Physics Institute, 
Russian Academy of Sciences. The focus is made on the coefficient of microwave power absorption in a 
single-surface multipactor discharge on a dielectric as a function of the angle α between the microwave 
electric field and the dielectric surface. In Section 2, parallel single-surface multipactor on a dielectric is 
analyzed theoretically and simulated numerically. Main attention is paid to the saturated multipactor at 
microwave intensities substantially exceeding the threshold intensity. The power absorbed by the 
saturated parallel multipactor is calculated. The influence of elastic and inelastic electron reflections from 
the dielectric surface on the multipactor parameters is examined in Section 3. It is shown the coefficient 
of microwave power absorption increases significantly in the presence of electron reflections. In Section 
4, theoretical results are compared with results of experimental studies of parallel single-surface 
multipactor on a dielectric in a rectangular waveguide. In Section 5, microwave power absorption by a 
perpendicular single-surface multipactor is analyzed theoretically and numerically. Section 6 is devoted to 
calculating the coefficient of microwave power absorption by an “inclined” multipactor (0 < α <π/2). It is 
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found that the power deposited per unit area of the dielectric surface has a minimum at a certain angle αm, 
which depends of the SEE properties. In the Conclusions, the main results are summarized. 
 
 
2. MICROWAVE POWER ABSORPTION BY A “PARALLEL” SINGLE-SURFACE 

MULTIPACTOR ON A DIELECTRIC 
 
Previous estimates of the coefficient of microwave power absorption by a single-surface multipactor on a 
dielectric [24−26], 

     abs inc/ ,W Wκ =         (1) 
where Wabs is the power absorbed per unit area of the dielectric surface and inc

2
  0 8W cE= π  is the power 

flux density of the incident microwave radiation, have shown that this coefficient is rather low. In [24], 
the following estimate was obtained: 1/20.004 eTκ ≈ , where Te is the temperature (in eV) of secondary 
electrons emitted from the dielectric surface. According to this estimate, for typical Te values at a level of 
1−2 eV [27], the power absorbed by the multipactor discharge comprises about 1% of the incident 
microwave power. Nearly the same estimate of the absorption coefficient (~1%) was obtained in [25] 
when analyzing the effects related to the electron space charge in a single-surface multipactor. In spite of 
such a low absorption coefficient, the absolute value of the power surface density released on the surfaces 
of dielectric windows in modern high-power microwave sources (W0 ~ 1 kW/cm2) can be quite sufficient 
to cause inadmissible thermal and mechanical stresses in the surface layer of the dielectric, resulting in 
the appearance of microcracks on the window surfaces. 

Particle-in-cell (PIC) simulations of a single-sided multipactor [26] showed that the absorption 
coefficient slowly increased with microwave intensity. Thus, as the electron oscillation energy was raised 
by two orders of magnitude (from ≈200 eV to ≈20 keV), the absorption coefficients increased only 
fourfold (from 0.5 to 2%). Note that, in [26], the reason for the gradual increase in the coefficient of 
microwave power absorption by a single-sided multipactor with increasing microwave power was not 
discussed and, accordingly, no analytical expression describing such an increase was derived. 

When studying multipactor discharges analytically and numerically, the following empirical formula 
for the SEY, proposed by Vaughan [28], has received wide application (see Fig. 4, curve 1): 

      1
m( ) ,V kVe −δ = δ       (2) 

where ( ) ( )inc 0 max 0V = ε − ε ε − ε . Here, εinc is the energy of an incident (primary) electron, ε0 is the cutoff 
energy below which δ is zero, εm is the energy corresponding to the maximum SEY at a given incidence 
angle θ, k = 0.62 for V < 1, k = 0.25 for V > 1, δm = δm0(1 + θ2/2π), and εm = εm0(1 + θ2/π), with δm0 and 
εm0 being the peak value of the SEY at θ = 0 and the incident energy corresponding to this peak, 
respectively. In theoretical works and numerical simulations, a simplified Vaughan’s formula with ε0 = 0 
(Fig. 4, curve 2) is widely used (see, e.g., [24−26, 29, 30]). 

 
Figure 4. SEY as a function of the incident electron energy: (1) Vaughan’s formula, (2) simplified Vaughan’s formula with ε0 
= 0, and (3) unit step at εinc < ε0 introduced by Vicente et al. [31] to take into account enhanced electron reflection at low 
energies (see Section 3). 
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In [32, 33], an analytical formula for κ as a function of the electron oscillation energy εosc was derived 
self-consistently with allowance for the finite temperature of secondary electrons and the space charge of 
the electron layer formed near the dielectric surface. Here, we only briefly describe the idea and scheme 
of deriving this formula, omitting algebraic manipulation. 

Let us consider the classical single-surface multipactor on a dielectric (Fig 1a). When the electron 
oscillation energy εosc in the microwave field is higher than the first crossover energy ε1, the emitted 
electrons return back to the surface with energies sufficient to knock out a larger number of secondary 
electrons, i.e., an electron avalanche develops, during which an electron layer forms near the dielectric 
surface, whereas the surface itself is charged positively. As the positive charge on the dielectric increases, 
the time during which the emitted electrons return back to the surface decreases, which leads to a 
decrease in the energy acquired by the electrons in the microwave field. Hence, as time elapses, the 
electron avalanche gradually decelerates and then reaches saturation. 

In the saturated (quasi-steady) multipactor, the δ value averaged over the microwave oscillation period 
is equal to 1. If the oscillation energy is much higher than the first crossover energy (εosc >> ε1), then the 
electron flight time ∆t in the saturated multipactor must be much shorter than ω−1; otherwise, the emitted 
electrons would acquire an energy larger than ε1 and the number of secondary electrons would continue to 
grow. This means that, in such a highly overthreshold multipactor, the external microwave field varies 
only slightly during the flight time of secondary electrons and the multipactor characteristics have time to 
adjust to the instantaneous value of the microwave field. Hence, we can use the so-called “constant-field” 
approximation, in which the multipactor parameters are determined by the instantaneous value of the 
microwave electric field Ey(t) = E0sinωt, i.e., depend on time parametrically. 

In this approximation, assuming that emitted electrons have a Maxwellian distribution with a 
temperature Te << ε1 and that ε1 is much smaller than εm0, the power deposited per unit area of the 
dielectric surface can be evaluated analytically [32]. Solving the equation of motion for emitted electrons 
in the normal electric field, which is the sum of the field produced by the electron space charge formed 
near the dielectric surface and the uncompensated positive charge accumulated on the dielectric, we find 
that the characteristic flight time of electrons from the surface and back is ∆t ~ 1/ωpe << 1/ω, where ωpe = 
(4πe2n0/me)1/2, with n0 being the electron density just near the dielectric surface. The energy acquired by 
an emitted electron over the flight time ∆t in the instantaneous microwave field Ey(t) and transferred to 
the dielectric surface is εinc ~ (eEy∆t)2/2me ~ (Ey)2/8πn0. From the particle flux balance in the saturated 
multipactor, we find that εinc ~ ε1, i.e., we have n0 ~ (Ey)2/8πε1. It follows from here that the energy flux 
density onto the dielectric surface is Wabs ~ v⊥n0εinc ~ vTn0ε1 ~ vT(Ey)2/8π, where vT = (Te/me)1/2. 
Averaging Wabs(t) over time and dividing absW  by 2

inc 0 8W cE= π , we find that the coefficient of power 
absorption is κ ~ vT/c. Correct calculations performed with a simplified Vaughan’s formula (ε0 = 0) show 
that the tail of the Maxwellian distribution introduces an additional numerical factor on the order of 
ln(εosc/ε1) (see [32] for details), so that finally we obtain 

     osc 1ln( / ),2
T

c
πκ ≈ ε εv       (3) 

i.e., the absorption coefficient grows slowly (logarithmically) with increasing microwave intensity. 
We performed 1D3V (one-dimensional in coordinate space and three-dimensional in velocity space) 

particle-in-cell (PIC) simulations of a single-surface multipactor excited on the surfaces of various 
dielectrics: amorphous SiO2 (quartz glass), LiF single crystal, and NaCl single crystal. These materials 
were chosen because there is a large database on their SEE properties in the literature (see, e.g., [27, 34]). 

Figure 5 presents simulation results obtained for a LiF crystal (εm0 ≈ 1000 eV, δm0 ≈ 7.5 [34]). The 
single-surface multipactor was excited by a microwave field with an intensity substantially exceeding the 
threshold value (εosc = 450 eV, ε1 = 14.5 eV). The SEY was described by the simplified Vaughan’s 
formula with ε0 = 0, the frequency of the microwave field was f = ω/2π = 1.95 GHz, and the temperature 
of secondary electrons was set at Te = 1 eV. The multipactor was initiated by injecting seed electrons with 
an areal density of Sinj = 0.05ncrvT/ω = 0.8 × 107 cm2 from the dielectric (where ncr = meω2/4πe2). The 
figure shows typical time dependences of the (a) effective thickness of the electron layer, δz = S/n0 (where 
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0( ) ( , )eS t n z t dz∞= ∫  is the areal density of emitted electrons), and (b) the electron density n0 near the 
dielectric. Here, n0 and δz are normalized to ncr = meω2/4πe2 = 4.7 × 1010 cm−3 and z0 = vT/ω = 3.4 × 10−3 
cm, respectively. 

 
Figure 5. Time dependences of the parameters of a single-surface multipactor excited on the surface of a LiF single crystal for 
the electron oscillation energy substantially exceeding the first crossover energy (εosc = 450 eV, ε1 = 14.5 eV): (a) effective 
thickness of the electron layer, δz = S/n0, and (b) electron density n0 just near the dielectric [32]. 

It is seen that, in the stage of electron avalanche, the number of electrons in the layer grows 
monotonically, while the layer thickness decreases to ~10−3 cm, after which the discharge saturates. In the 
saturated (quasi-steady) regime, the electron areal density, the electron density just near the dielectric, and 
the effective thickness of the electron sheath oscillate with the doubled frequency of the external field, 
2ω, following oscillations of E2(t). It should be noted that, in the saturated multipactor, the electron 
density in the layer substantially exceeds the critical density. Nevertheless, the electron layer is almost 
fully transparent for microwave radiation, because, in this case, the skin depth zskin = c/ωp0 ≈ 0.25 cm is 
much larger than the layer thickness. 

 
Figure 6. Calculated coefficient of microwave power absorption κ by a saturated multipactor discharge as a function of the 
electron oscillation energy εosc for different dielectric materials: SiO2 (εm0 = 400 eV, δm0 = 2.4, ε1 = 40 eV), LiF (εm0 = 1000 
eV, δm0 = 7.5, ε1 = 14.5 eV), and NaCl (εm0 = 1200 eV, δm0 = 10.5, ε1 = 10.0 eV). The heavy solid line shows analytical 
dependence (3) [32]. 

Figure 6 shows the absorption coefficient κ calculated using 1D3V simulations as a function of the 
oscillation energy for SiO2, LiF, and NaCl, assuming that Te = 2 eV and the SEY is described by 
Vaughan’s formula with ε0 = 0. It can be seen that the simulation results agree satisfactorily with 
analytical formula: all curves group around dependence (3). It is worth noting that analytical formula (3) 
satisfactorily agrees with the simulation results not only at εosc >> ε1 (i.e., when the constant-field 
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approximation is valid), but also near the threshold for the onset of a single-surface multipactor (εosc ~ ε1). 
The larger deviation of the calculated curve for the NaCl single crystal from the analytical dependence 
compared to that for the LiF single crystal is probably related to the larger ratio Te/ε1 for the former (note 
that, in deriving formula (3), this ratio was assumed to be infinitely small). The deviation of the calculated 
curve from the analytical dependence for amorphous SiO2 may be attributed to the first crossover energy 
ε1 for SiO2 being much closer to εm0 than for LiF and NaCl crystals [34], because it was assumed that ε1 
<< εm0 when deriving formula (3). 
 
 
3. INFLUENCE OF ELECTRON REFLECTIONS ON THE MICROWAVE POWER 

ABSORPTION BY A PARALLEL MULTIPACTOR 
 
The analytical expression for the SEY proposed by Vaughan [28] refers to the so-called “true” secondary 
electrons, which are emitted from a narrow surface layer of a dielectric or metal under bombardment by 
primary electrons. The energy spectrum of true secondaries is usually close to Maxwellian with a 
temperature of several eV [27]. The total energy spectrum of secondary electrons can also be significantly 
contributed by elastically reflected (scattered) and inelastically reflected (rediffused) primaries [27, 35]. A 
typical energy spectrum of secondary electrons for εinc = 180 eV is schematically shown in Fig. 7 [27]. 

 
Figure 7. Typical energy spectrum of secondary electrons for εinc = 180 eV [27]: (1) true secondaries, (2) elastically reflected 
(scattered) electrons, and (3) inelastically reflected (rediffused) electrons. 

The significant effect of electron reflections on the single-surface multipactor is illustrated in Fig. 8, 
which presents results of 1D3V simulations of a “parallel” (α = 0) multipactor on a SiO2 surface [32]. 
Upon elastic reflection, the energy of the reflected electron εref was set equal to the energy of the incident 
electron εinc, whereas upon inelastic scattering, it could take any value between zero and εinc with equal 
probabilities. In both cases, the reflected electrons were distributed over velocity directions according to 
the law dN/dΩ ~ cosθ [27, 34]. 

The heavy line in Fig. 8 shows analytical dependence (3), curve 1 show the result of simulations by the 
simplified Vaughan’s formula with ε0 = 0, and curve 2 shows the result obtained using Vaughan’s 
formula with a finite cutoff energy (ε0 = 30 eV) without allowance for electron reflections. It is seen that 
the absorption coefficient somewhat decreases when the finite cutoff energy is taken into account. 

Curve 3 in Fig. 8 shows the absorption coefficient calculated under the assumption that the coefficient 
of elastic electron reflections at ε < ε0 is R = 1 (the unit step in δ in Fig. 4), as was proposed by Vicente et 
al. [31] in order to describe the experimentally observed high reflection coefficient of primary electrons at 
very low energies (see also [36]). According to experimental data [34], the coefficient of electron 
reflection from various dielectrics (including alkali halide crystals, such as NaCl or LiF) increases 
substantially at energies lower than the energy corresponding to the long-wavelength edge of crystal 
fundamental absorption. Moreover, this edge itself was in [37] associated with the boundary energy above 
which true SEE takes place (i.e., in fact, with ε0). It is seen that reflections of low-energy electrons 
substantially increase the absorption coefficient. 
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Finally, curve 4 in Fig. 8 shows the absorption coefficient calculated with artificially introduced small 
elastic and inelastic electron reflections at ε > ε0 with the coefficients R = 0.1 and η = 0.1, respectively. It 
is seen that even small reflections in this energy range additionally increase the absorption coefficient, 
especially at lower oscillation energies. 

 
Figure 8. Influence of electron reflections on the coefficient of microwave absorption by a multipactor on SiO2 for Te = 2 eV: 
(1) simplified Vaughan’s formula with ε0 = 0, (2) Vaughan’s formula with ε0 = 30 eV without reflections, (3) Vaughan’s 
formula supplemented with R = 1 at εinc < ε0 (model [31]), and (4) Vaughan’s formula supplemented with R = 1 at εinc < ε0 and 
small elastic and inelastic reflections at εinc > ε0 (R = η = 0.1). The heavy line shows analytical dependence (3). The vertical 
bar shows the range of κ values obtained experimentally at Pinp = 85 kW [32]. 
 
 
4. MEASUREMENTS OF THE MICROWAVE POWER ABSORBED BY A PARALLEL 
MULTIPACTOR 
 
We performed experimental measurements of microwave power absorption by a multipactor discharge 
excited on a dielectric surface [32, 33]. The experiments were carried out at the BRUS device [7−9, 12, 
21]. The scheme of the experiment is shown in Fig. 9. The dielectric target (LiF single crystal, NaCl 
single crystal, or SiO2 plate) was placed in the antinode of the H10 standing mode of a 6 × 12-cm 
evacuated (p ~ 10−6 Torr) rectangular waveguide. The input microwave power Pinp was from several tens 
of kilowatts to 2 MW, the duration of the microwave pulse being of up to 25 µs. 

 
Figure 9. Arrangement of the experiment: (1) evacuated waveguide, (2) microwave discharge, (3) 24-mm-diameter below-
cutoff circular waveguide, (4) dielectric plate, (5) diagnostic window, (6) photo camera, and (7) 10-mm-diameter below-cutoff 
circular waveguide. The free-space wavelength is λ0 = 15.4 cm, and the waveguide wavelength is λg ≈ 20 cm. 
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At high microwave powers (Pinp ≥ 1 MW), three stages of the discharge on the dielectric target were 
observed: (i) multipactor discharge (which lasted for several microseconds), (ii) filamentary microwave 
breakdown (in which up to 70% of the microwave power was absorbed), and (iii) plasma-flare microwave 
discharge (in which the absorption coefficient dropped to 20−30%) [12]. At moderate microwave powers 
(Pinp ≤ 100 kW), only the first stage was observed. The onset of a multipactor discharge was detected by 
the appearance of a feeble glow on the dielectric surface and the current onto the electron collector 
installed under the dielectric plate (Fig. 10) [21, 32, 33]. 

 
Figure 10. Current density measured by the electron collector installed under the LiF plate as a function of the input 
microwave power Pinp. The vertical dashed line shows the threshold power Pthr ≈ 32 kW ( thr

osc 20 eVe ≈ ) obtained from 1D3V 
PIC simulations for a LiF crystal (εm0 = 1000 eV, δm0 = 7.5, ε1 = 14.5 eV) by using Vaughan’s formula with ε0 = 0. 

Figure 11 shows typical signals of the reflected microwave power and the current to the electron 
collector installed under the SiO2 plate for a microwave power slightly exceeding the threshold power for 
the onset of multipactor discharge. It is seen that the appearance of the current at the collector, which 
indicates the onset of multipactor discharge, is accompanied by a decrease in the reflected microwave 
power. The height of the step in the reflected signal corresponds to the power absorbed by the 
multipactor. 

Taking into account the geometry of the waveguide and dielectric plate, the ratio ∆P/Pinp can be 
recalculated into the absorption coefficient κ defined by expression (1). On one hand, the input 
microwave power Pinp is expressed through the amplitude of the input wave Einp as 

2
inp inp  0.5 ( / 8 ) cosP c E ab= p c , where a and b are the width and height of the waveguide, 

2 1/2
0cos (1 ( / 2 ) )ac = − λ , and λ0 is the microwave wavelength in free space. On the other hand, according 

to (1), the absorbed power is equal to 2
inp 0 tot  ( / 8 )P c E S= κ p , where Stot is the total area of the dielectric 

plate (note that the multipactor discharge develops on both sides of the dielectric plate). Then, taking into 
account that, in the antinode of the standing mode, E0 = 2Einp, we find that, for the parameters of our 
experiment, κ ≈ 0.58∆P/Pinp. 

Unfortunately, we could measure the ratio ∆P/Pinp only for input microwave powers of Pinp ≤ 85 kW, 
slightly exceeding the threshold power for the onset of a multipactor discharge on a SiO2 plate (Pthr ≈ 65 
kW), because, at higher powers, the multipactor discharge developed already at the front of the 
microwave pulse and no step was observed at the top of the reflected microwave signal. The range of κ 
values obtained from the experimental measurements of ∆P/Pinp at Pinp = 85 kW is shown in Fig. 8 by the 
vertical bar. It is seen that agreement between the theoretical results and the experimental data is achieved 
only if electron reflections from the dielectric surface are taken into account. 
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Figure 11. Typical signals of the (а) reflected microwave power and (b) current measured by the electron collector installed 
under the SiO2 plate for the input microwave power Pinp = 85 kW, slightly exceeding the threshold power Pthr ≈ 65 kW for the 
onset of a multipactor discharge [32, 33]. 
 
 
5. “PERPENDICULAR” SINGLE-SURFACE MULTIPACTOR ON A DIELECTRIC 
 
Let us now turn to the perpendicular multipactor, which develops when the microwave electric field is 
directed along the normal to the dielectric surface, E0(t) = {0, 0, E0sinωt} (Fig. 12a). In this case, in 
contrast to the parallel multipactor, secondary electrons can detach from the dielectric surface only in the 
microwave field phase in which the external field is negative (Ez0(t) < 0). Numerical simulations [38] 
show that the coefficient of microwave power absorption in the perpendicular multipactor increases 
somewhat faster with increasing electron oscillation energy, but differs insignificantly from the 
absorption coefficient in the parallel multipactor. However, in its structure, the perpendicular multipactor 
differs fundamentally from the parallel multipactor and is, in essence, quite a different type of discharge. 

 
Figure 12. (a) Perpendicular and (b) inclined single-surface multipactors on a dielectric. 

Figure 13 shows the electron phase portraits in the (z, vz) plane in the perpendicular multipactor 
excited on the surface of a LiF crystal at f0 = 1.95 GHz and εosc = 200 eV >> ε1 for different instants of 
time during one microwave period (−π ≤ ωt < π). It is seen from the figure that the electrons are 
periodically injected from the dielectric surface and further propagate in the form of jets in the phase 
plane. Most injected electrons return back to the surface during one oscillation period, whereas the 
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remaining electrons have time to execute several oscillations and move away from the dielectric surface 
over a distance of about several millimeters, which is several hundred times larger than the characteristic 
width of the electron layer in the parallel multipactor. 

 
Figure 13. Electron phase portraits in the (z, vz) plane in the perpendicular multipactor excited on the surface of a LiF crystal 
at f = 1.95 GHz and εosc = 200 eV >> ε1 for different instants during one microwave period (−π ≤ ωt < π). Here, vT = (Te/me)1/2, 
where Te = 1 eV is the effective temperature of secondary electrons [38]. 

The power absorbed by the perpendicular multipactor can be estimates as follows. Let the electrons be 
periodically injected in the discharge in the phase corresponding to the accelerating external field (Ez0(t) 
=E0sinωt < 0) and further propagate in the form of a gradually expanding layer containing N electrons per 
unit area. Between the layer and the dielectric surface, the charge separation field Ez,σ arises, which 
decelerates the electrons and returns them back to the dielectric surface, the average value of Ez,σ within 
the layer being Ez,σ = 2πeN. In order for most electrons to return back to the surface over one microwave 
period τ = 2π/ω, it is necessary that Ez,σ ~ E0. From here, we find that N ~ E0/2πe. Then, the average (over 
the microwave period) density of the electron flux onto the surface is e zn v  ~ N/τ ~ ωE0/4π2e. Since the 
electrons return back to the surface with an energy of about εosc (note that only some of them fall onto the 
surface in the phase favorable for the departure of secondary electrons), the mean density of the energy 
flux onto the surface is on the order of 2 2 2

abs osc osc 0 osc 0~ ~ / 4 ~ 8e zW n E e Eee  ω π πv v , where vosc = 
eE0/meω is the electron oscillation velocity in the microwave field. Accordingly, the absorption 
coefficient defined as the ratio of the absorbed power per unit area of the dielectric surface to the 
microwave intensity 2

0 8cE π  (see (1)) is 
     ( )osc cκ =β v ,       (4) 

where β is a numerical factor on the order of unity. The 1D2V PIC simulations performed for a LiF 
crystal [38] confirm that κ in the perpendicular multipactor is nearly proportional to vosc/c, the 
proportionality factor β being about 0.3. 

The fundamental difference between the perpendicular and parallel multipactors is clearly 
demonstrated in Fig. 14. Figure 14a shows the mean flux density of secondary electrons e zn v  as a 
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function of εosc for the parallel (curve 1) and perpendicular (curve 2) multipactors on the surface of a LiF 
single crystal obtained by means of 1D3V PIC simulations [38]. For the parallel multipactor, we have 
(see Section 2) 2

0 0 1~ ~ ( / )e z T Tn n E ev v v , i.e., the mean flux density of secondary electrons is 
proportional to εosc. In the perpendicular multipactor, the current density of secondary electrons is much 
lower and is proportional to vosc. In contrast, it is seen from Fig. 14b that the mean energy of incident 
electrons in the perpendicular multipactor, defined as inc abs / e zW ne = v , is much higher than that in 
the parallel multipactor and increases linearly with increasing εosc, whereas in the parallel multipactor, 

incε  grows very slowly (logarithmically) with increasing εosc. It is noteworthy that the absolute values of 
the mean power abs inc~ e zW n ev  absorbed per unit area of the dielectric surface and, accordingly, 
absorption coefficients are close to one another for both types of multipactor (see Fig. 15). 

 
Figure 14. (a) Mean flux density e zn v  of secondary electrons and (b) mean energy incε  of electrons incident on the 
dielectric surface as functions of εosc for the (1) parallel and (2) perpendicular multipactors on the surface of a LiF crystal. 
Here, vT = (T/me)1/2, where Te = 1 eV is the effective temperature of secondary electrons [38]. 

Thus, the energy of incident electrons is larger for the perpendicular multipactor, whereas the flux 
density of incident electrons is larger for the parallel multipactor. These features of the perpendicular and 
parallel multipactors can be used when choosing modes of microwave processing of crystal dielectrics 
with the purpose of modifying their surface properties. 

 

 

 

 

 

 

 

 

 

Figure 15. Coefficients of microwave power 
absorption κ = Wabs/Winc by the parallel (||) and 
perpendicular (⊥) multipactors on a LiF single 
crystal as functions of the electron oscillation 
energy in the microwave field [38]. 

 

6. “INCLINED” SINGLE-SURFACE MULTIPACTOR ON A DIELECTRIC 
 
Let us now consider the “inclined” multipactor (Fig. 12b), which develops at intermediate inclination 
angles of the microwave electric field with respect to the dielectric surface, 0° < α < 90°. Such a situation 
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can take place when a p-polarized microwave beam (the microwave electric field vector lies in the 
incidence plane) passes through a tilted output window of a high-power microwave source. In this case, 
the amplitude of the normal component of the microwave electric field is Ez0 = E0sinα. 

At sufficiently small inclination angles, such that sinα < (Te/ε1)1/2, the discharge structure remains 
close to that of the parallel multipactor, because, in this case, the normal component of the microwave 
electric field Ez0 is smaller than the characteristic value of the electrostatic field in the parallel 
multipactor, |∂ϕ/∂z| ~ 4πen0∆z ~ (Te/ε1)1/2E0. Accordingly, at small inclination angles, the absorption 
coefficient κ in the inclined multipactor is close to absorption coefficient (3) in the parallel multipactor. 

At sinα > (Te/ε1)1/2, the space charge layer near the dielectric surface is destroyed and the discharge 
structure becomes similar to that in the perpendicular multipactor. In this case, however, the electron 
motion along the z axis is determined by the field Ez0 = E0sinα (instead of Ez0 = E0 in the perpendicular 
multipactor). Estimating the number of secondary electrons emitted over one microwave period per unit 
area of the dielectric surface, as it was done above for the perpendicular multipactor, we obtain N ~ 
E0sinα/4πe and, accordingly, 

     ( )oscsin ,cκ =β α v       (5) 
where β is the proportionality factor on the order of unity (β ≈ 0.3 for α = 90°). 

Figure 16a shows the absorption coefficient κ as a function of α for a multipactor on the surface of a 
LiF crystal for different values of εosc. It is seen that the absorption coefficient decreases with decreasing 
α in accordance with formula (5) and reaches its minimum value at αm ≈ arcsin(Te/ε1)1/2 ≈ 20° (for Te = 2 
eV), after which it increases to its value in the parallel multipactor (see (3)). 

 
Figure 16. Absorption coefficient κ as a function of the angle α for multipactors on the (a) LiF (εm0 = 1000 eV, δm0 = 7.5, ε1 = 
14.5 eV) and (b) SiO2 (εm0 = 400 eV, δm0 = 2.4, ε1 = 40 eV) surfaces [38]. 

Figure 16b shows similar dependences for a multipactor on the SiO2 surface. It is seen that the angular 
dependences of κ for SiO2 also have minima at angles approximately corresponding to sinα = (Te/ε1)1/2. 
Note that, at εosc = 800 eV, the absorption coefficient for the perpendicular multipactor on SiO2 is reduced 
substantially, because, at such high oscillation energies, a considerable fraction of electrons return back to 
the dielectric surface with energies significantly exceeding the energy εm0 = 400 eV, above which the 
SEY of SiO2 decreases exponentially. 

The presence of a minimum in the angular dependence of the absorption coefficient at α ~ 20°−30° 
indicates that the power released in the multipactor on the input/output microwave window can be 
reduced appreciably by tilting the window with respect to the axis of the microwave beam. 

 
 

7. CONCLUSIONS 
 
The results of these studies can be summarized as follows. 

(i) An analytical expression for the coefficient of microwave power absorption by a parallel single-
surface multipactor discharge on a dielectric surface has been derived under the assumption that the SEY 
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is described by the simplified Vaughan's formula with a zero cutoff energy, widely used in theoretical and 
numerical studies of multipactor discharges. The analytical expression satisfactorily agrees with the 
simulation results obtained under the same assumptions on the shape of the SEY. Although the obtained 
expression is of limited applicability, it can be used as a reference formula when analyzing the influence 
of various factors (such as electron reflections and the shape of the energy dependence δ(εinc)) on the 
coefficient of microwave power absorption by a multipactor discharge on a dielectric. 

(ii) Multipactors developing on a dielectric surface inclined at an angle α with respect to the 
microwave electric field have been studied analytically and numerically. It is shown that the structure of 
the “parallel” multipactor (α =0) differs fundamentally from that of the “perpendicular” multipactor (α = 
π/2). The parallel multipactor is concentrated in a narrow layer adjacent to the dielectric, the layer 
thickness being less than vT/ω (<30 µm for f ≈ 2 GHz), whereas the perpendicular multipactor extends 
from the solid surface to a distance of about several electron oscillation amplitudes in the microwave field 
(a0 = vosc/ω ≥ 1 mm for f ≈ 2 GHz and εosc ≥ 100 eV).  

(iii) It is found that the relation between the average energy of electrons bombarding the dielectric 
surface and their average flux density in the perpendicular multipactor differs radically from that in the 
parallel multipactor, which should be taken into account when choosing modes for multipactor processing 
of crystal dielectrics. 

(iv) It is shown that the dependence of the absorption coefficient on the inclination angle α of the 
dielectric surface relative to the microwave electric field has a minimum at α ~ 20−30°. This effect can be 
used to minimize the microwave power released in multipactor discharges on the surfaces of input/output 
microwave windows, as well as to choose optimal regimes of processing of crystal dielectrics by electron 
fluxes generated in such discharges. 

(v) The results of PIC simulations have shown that the coefficient of microwave power absorption 
increases substantially when electron reflections from the dielectric surface are taken into consideration. 

(vi) The experiments on a multipactor discharge on a dielectric in a rectangular waveguide have shown 
that the coefficient of microwave power absorption by such a discharge can reach several percent, which 
should lead to various destructive processes on the dielectric and distortion of signals in microwave 
communication systems. Comparison of experimental data with results of theoretical studies and 
numerical simulations show that agreement between the calculated and measured values of the absorption 
coefficient is achieved only if the theoretical model takes into account the entire complex of SEE 
phenomena, such as emission of true secondaries and elastic and inelastic reflections of incident electrons 
in a wide energy range. 
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Abstract. Metallic oxide nanostructures are promising materials in photocatalytic applications, for example in water 
treatment and disinfection or for hydrogen production by water splitting. In this work, we report on two processes 
based on argon-oxygen microwave plasma afterglow oxidation to synthesize metallic oxide nanostructures: a micro-
afterglow at atmospheric pressure and a flowing afterglow at low pressure. The morphology, shape and size 
distribution of nanostructures can be controlled with good reproducibility by adjusting the experimental parameters: 
amount of oxygen injected in the plasma, microwave power, treatment duration or composition of the substrate. For 
instance, the rapid growth of ultrathin ZnO nanoribbons and nanowires (~5 nm in diameter) is obtained from Cu/Zn 
stacks and these nanostructures exhibit significant improvement in photocatalytic activity. An enhancement of 
photocatalytic efficiency and photocurrent intensity under visible and UV light is observed for ultrathin nanowires, 
attributed to high separation efficiency of photoinduced electron-hole pairs and a reduction of charge carrier 
recombination. 
 
 

 
1. INTRODUCTION 
 
During the last decade, the quest for metallic oxide nanostructures with controlled shapes and size 
distribution have stimulated great interest in fundamental scientific research due to their morphology-
dependent properties that offer potential wide-ranging applications. In this context, metallic oxide 
nanostructures are promising materials in photocatalytic applications, for example in water treatment and 
disinfection or for hydrogen production by water splitting. The surface area and thus the morphology are 
factors of paramount importance which affect directly the photocatalytic efficiency of metallic oxide 
semiconductors [1]. Growing metallic oxide nanostructures can be achieved by simple thermal oxidation 
of raw metallic materials. The use of direct plasma treatments increases the growth rate of nanostructures 
by several orders of magnitude [2−3] whereas remote plasma treatments improve the control of the design 
of nanostructures by moving the temperature window where nanostructures are formed by about 100 K 
downward. This shift enables the development of higher stress levels and offers the possibility to create 
dense areas of nanostructures [4−5]. For a given nanostructure, it is even possible to design them by 
driving growth instabilities using mixtures of metals [6−7]. We can thus expect to control the growth of 
ultrathin nanowires (with diameters typically below 5 nm) where quantum confinement is possible. In this 
work, we will compare different configurations to show the role of substrates on the morphology of as-
grown oxide nanostructures: pure metallic thin films, alloys with different compositions and stacks, 
formerly deposited by magnetron sputtering. We report on two processes based on microwave plasma 
afterglow-assisted oxidation (at atmospheric pressure and at low pressure) to synthesize ultrathin metallic 
oxide nanostructures. 
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2. EXPERIMENTAL PART 
 
The first plasma afterglow process operates at atmospheric pressure (Fig. 1). It consists in using a tubular 
fused silica tube, crossing a wave-guide connected to a microwave generator (2.45 GHz). The applied 
power is set equal to 100 W. Atmospheric pressure plasma (Ar – 9.1 vol. % O2) is centered on the tube 
axis and active species exit the reactor through a tiny hole (500 µm in diameter). A total flow rate of 275 
sccm (standard cubic centimeter per minute) is injected in the plasma, which produces a laminar 
afterglow containing oxygen atoms and other neutral excited oxygen molecules such as O2(a1Δg). These 
active species react with metallic thin films, alloys and stacks to perform the direct synthesis of oxide 
nanostructures without any template or surfactant (Fig. 1b). Figure 1c shows that active oxygen species 
oxidize thin films as concentric areas that extend radially up to several millimeters. Surface temperature is 
a key parameter in the growth of nanostructures. In the present experimental conditions, the gas 
temperature was estimated at about 1200 K in the afterglow with high thermal gradients near its edge (~ 
1200 K / mm). A detailed thermal analysis by infrared camera measurements [6] showed that the 
maximum treatment temperature is about 733 K. This surface temperature decreases with the radial 
distance to reach about 473 K at 6 mm from the centre of treatment. These high thermal gradients lead to 
the production of different nanostructures as a function of the radial distance. This flexible procedure has 
been applied to synthesize CuO nanowire and nanowalls, Fe2O3 nanoblades or different RuO2 
nanostructures (Fig. 2). Larger surfaces can be treated by scanning the sample in front of the afterglow 
beam, thanks to a moving XY stage. 
 

 
Figure 1. a) Experimental set-up of the micro-afterglow oxidation process. b) Picture of the atmospheric pressure afterglow, 
which hits directly the surface of thin films. c) Picture of a sample after afterglow treatment. 
 

 
 

Figure 2. SEM micrographs of metallic oxide nanostructures grown respectively on copper, iron and ruthenium thin films by 
micro-afterglow oxidation at atmospheric pressure [4−7]. 
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The shape of the afterglow evolves as a function of the total flow rate (Fig. 3). As the total flow rate 
increases from 0.5 to 5 slm, a straight beam of light progressively appears close to the nozzle and extends 
in length until it diverges into a cone shape. 
 

 
 

Figure 3. Photographs of the atmospheric pressure afterglow (Ar − 20 vol. % O2) through a 600 µm hole for different total 
flow rates. Power: 70 W. From [8]. 
 

The second process consists in using a flowing microwave plasma process operating at low pressure 
(Fig. 4). The objective is to synthesize nanostructures with homogeneous morphology over larger surface 
(up to several tens of cm2) in a single-step process. ZnO nanostructures are synthesized by oxidation of 
Cu/Zn stacks (50 nm Cu / 950 nm Zn films) formerly deposited by DC magnetron sputtering (80 W) on 
soda lime glass (SLG) substrates. These films are oxidized by using a microwave plasma produced in a 
quartz capillary from a surfaguide wave launcher. The samples are located in a quartz reactor tube 
downstream the plasma glow region, at a distance of 60 cm from the surfaguide. The temperature of the 
sample during oxidation is controlled by an additional furnace. As described in a previous work [9], 
copper thin film plays also a key role in the growth mechanism: this buffer layer prevents film 
evaporation and allows treatments at temperatures that are higher than the melting temperature of zinc 
(m.p. = 419.5°C) mainly due to the formation of CuZn5 intermetallic by interdiffusion. 
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Figure 4. Schematic of the flowing afterglow oxidation process. 

 
3. RESULTS 
 
In Fig. 5a, the spectrum of emission of the O2 (b1Σg

+ → X3Σg
-) transition at 762 nm is depicted. An argon 

line appears at 763.5 nm that is removed to determine the rotational temperature of the gas according to 
data available in [10]. The rotational temperature of O2(b) state is generally considered as a good 
approximation of the kinetic temperature of O2 molecules in the ground state. A temperature of 330 ± 30 
K was obtained, confirming the relatively low temperature of the afterglow. The concentration of oxygen 
atoms was determined by NO titration method along the flow tube. This two-step method, described in 
[11], leads to [O] = 3.2 ± 1.0 × 1015 cm-3, which is consistent with the calculated value predicted by 
Kutasi et al. [12]. The electron density (Ne) of the microwave plasma was estimated by microwave 
interferometry in the small-diameter quartz tube. This technique which is based on the determination of 
the refraction index of plasmas is known to allow the measurement of Ne at moderate pressures like ours 
[13−14]. As expected, a large decrease of Ne is observed in the flow: an order of magnitude over 10 cm 
in the small-diameter quartz tube (Fig. 5b). 

 
Figure 5. (a) Experimental (black) and simulated (red) rotational spectrum of the atmospheric band of O2 corresponding to the 
O2 (b1Σg

+ → X3Σg
-) transition at 762 nm. To fit the spectrum, the Ar line that appears at 763.5 nm must be removed (560 sccm, 

Ar – 2 vol. % O2, 200 Pa). (b) Variation of electron density as a function of the distance from the surfaguide wave launcher 
determined by microwave interferometry. 
 

The morphology of synthesized nanostructures can be controlled by the experimental parameters: 
treatment duration, furnace temperature, oxygen concentration, pressure [9]. For instance, ultrathin zinc 
oxide nanowires, nanoribbons and nanocombs are successfully synthesized from Cu/Zn stacks (Fig. 6) for 
very short treatments, typically less than 1 min. The rapid growth of nanostructures is attributed to the 
non-equilibrium behaviour of the afterglow, which provides directly active species on the sample surface: 
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in the remote region, only neutral species, excited or not, can be found with the absence of electrons and 
ions. However, this afterglow is a very oxidizing medium since it contains high concentrations of oxygen 
atoms and excited oxygen molecules like O2(a1Δg), O2(X3Σg−) and to a lesser extent, O2(b1Σg+) [15]. The 
surface morphology is clearly highly dependent on the pressure. Ultrathin nanowires with fairly high 
surface density are synthesized at 200 Pa, whereas ultrathin nanoribbons are obtained at 1000 Pa. The 
evolution of morphology with the working pressure could be mainly attributed to density profiles of 
active species which depend on experimental conditions including pressure. Kutasi et al. [12, 16] 
performed calculations at different pressures using self-consistent theoretical models developed to 
investigate the early and remote flowing afterglows of a surface-wave Ar-O2 microwave discharge 
generated in a reactor with geometry close to that of this study. They especially observed a large increase 
in active oxygen species densities with pressure in the afterglow (Fig. 7). 
 

 

Figure 6. SEM micrographs of ZnO nanostructures synthesized in flowing afterglow as a function of working pressure: (a) 
nanowires at 200 Pa, (b) nanoribbons at 1000 Pa and (c) nanocombs at 2000 Pa. (Treatment duration = 40 s). 
 

 

Figure 7. Calculated densities of (a) O(3P), (b) O(1D) and O2(b), (c) O2(a) along the afterglow for a 90% Ar – 10% O2 mixture 
at different gas pressure. From [11]. 
 

The aspect ratio of the nanowires can also be controlled by the experimental parameters. Thus, by 
adjusting these treatment parameters, we succeed in decreasing the average diameter of nanowires down 
to 5 nm, with a fairly high surface number density. High-resolution transmission electron microscopy 
(HRTEM) analyses indicate that all the produced nanowires are single-crystalline ZnO with wurtzite 
structure and random axial crystallographic orientations. Furthermore, high-angle annular dark-field 
images (HAADF) show that the nanowires are well-crystallized up to the edges (Fig. 8). This observation 
was confirmed by photoluminescence (PL) measurements: PL spectra show a strong UV emission and a 
weak green peak. These results indicate that the defects in the samples are fairly weak with this synthesis 
method. The EDX mapping of these nanostructures show that nanowires are obviously mainly composed 
of zinc and oxygen. We observe that the copper signal is very weak, but not completely negligible 
(inferior to 1 at.% typically). 
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Figure 8. (a) HRTEM micrograph of a nanowire tip and (b) HAADF-STEM micrograph of an individual nanowire. 
 

Photocatalytic activity of ZnO nanostructures is investigated from the photodecomposition of a model 
organic dye (methyl orange MO) under solar light irradiation. ZnO nanostructures exhibit higher 
photodegradation of MO than pure ZnO thin films without nanostructures or ZnO nanowires with larger 
diameter (~ 60 nm) synthesized by thermal annealing (Fig. 9). The enhancement in photocatalytic 
performance could be linked to higher surface area but also to higher transfer yield of photogenerated 
charge carriers to the surface of nanostructures: charge carriers need to diffuse only over a short distance 
(~5 nm) and then can reach active sites before their recombination. The limitation of charge carrier 
recombination is confirmed by photoelectrochemical measurements, the photocurrent response being 
related to the recombination efficiency of photogenerated carriers. 
 

 
 

Figure 9. Methyl orange degradation rate under solar light irradiation, respectively without photocatalyst and in the presence 
of ZnO thin films and ZnO nanostructures. 
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Abstract. Action of MWI on carbon sorbent led to plasma generation. Conversion of phosphorous model 
compounds and tar adsorbed inner pores of carbon sorbents with microwave stimulation rearched up to ~ 99% for 
10 min. H2 was the main product in producing gas in case of microwave irradiation while the methane mainly 
formed by using convective heating. It was found that in case of MWI cracking of C−H bond dominated. This fact 
explains an increased hydrogen yield in comparison with convection heating where cracking C-C bond dominates. 
Dry reforming (DR) of lignin with supported different content of Ni and Fe nanoparticles under microwave 
irradiation (MWI) with plasma generation has been studied. It was found that Fe-containing nanoparticles provide 
for high-rate microwave-assisted dehydrogenation and dry reforming of lignin. Study of the microwave-assisted 
heating dynamics for a number of solid lignin samples with different Fe concentrations revealed the threshold 
concentration, 0.5 wt. % Fe, which ensures the highest heating rate up to the temperature of reforming and plasma 
ignition. After 10 min of DR at 700−750 °C recovery of H2 from lignin reach up to 94 % and the Н2/СО ratio of 
~1/1 at summary conversion of the lignin organic mass-65%. The maximum selectivity relates to syngas forming in 
DR process was achieved up to 94%. Enhanced contribution of metal components in the conversion of lignin to 
syngas comparison with its conversion without active components and results obtained at convective heating allows 
to classifying process as the plasma-catalytic 

 
 
 

1. INTRODUCTION 
 

The development of effective utilization methods of petroleum residues and pollutants is one of the most 
important ecological problems of considerable current interest. Petroleum and petrochemical industries 
have a strong ecological impact because of the release of harmful hydrocarbon pollutants into the natural 
environment. Crude oil, oil sludge, tars, and other harmful and toxic substances are environmental 
hazards [1−3]. 

In recent years, the use of microwave radiation (MWR) in the development of efficient pyrolysis 
processes for organic substrates has received considerable attention [4]. In this context methods based on 
microwave technologies are developed as effective approach for liquidation of petroleum contaminants 
and pollutants [5]. Another side MWR has been used in a number of studies for the catalytic cracking of 
lignin, in particular, in the presence of heterogeneous catalysts [6].  

Our report presents the results on the effective use of microwave radiation to solve a number of 
environmental problems and development of green chemistry processes. Within the framework of these 
tasks, we report the results of studies on the high speed decomposition of harms such as petroleum 
residues and organophosphorus pollutants adsorbed in the pores of carbon sorbents under the action of 
microwave radiation. Another challenge for the future use of microwave radiation is the development of 
plasma-catalytic reforming of lignin into syngas in the presence of nanosized nickel- and iron-containing 
catalysts. 
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2. EXPERIMENTAL 
 

Triethyl phosphate (TEP) and triphenyl phosphate (TPP) synthesized according to the known procedures 
[7] were used as model organophosphorus compounds OPC, which remain stable up to 110–130°C during 
convection heating. TEP and TPP were deposited onto the carbon sorbents by impregnation from a 
chloroform solution with a certain concentration of the complex to be applied. The sorbent with a 
deposited OPC was dried initially at room temperature and then in a vacuum oven at a reduced pressure 
and a temperature of 80°C and finally subjected to MW treatment at various temperatures and exposure 
times. The same procedure was using for deposition of tar separated from Siberia and bitumen oil onto 
the carbon sorbent. During MW irradiation, the carbon sorbent containing OPC and tar adsorbed in pores 
was purged with an inert gas (nitrogen, argon). The effluent purge gas from the reactor was passed 
through a microseparator cooled to -50°C and further to a collector from which it was sent to a mass 
spectrometer. The gas flow rate was 8–10 cm3/min. Experiments were conducted at a constant radiation-
induced temperature of 80 to 200°C for 5, 10, and 15 min. After completing an experimental run and 
cooling the system, the carbon sorbent was withdrawn and analyzed for the residual OPC.  

The residual amount of TEP, TPP and tar in a CS sample was determined by solvent extraction 
followed by gas chromatographic analysis of the extracts. The extraction was carried out in a Dionex ASE 
200 accelerated solvent extractor using isopropyl alcohol as the solvent, an extraction cell temperature of 
70°C, a pressure of 200 atm., and an extraction time of 30 min. 

Lignin (kraft lignin from Kirov Region, Russia). Composition, wt. %: С − 58.1, H − 5.4, Al − 1.2, Si − 
3.1, Ca − 0.6, Fe − 0.8, Mg − 0.04, S − 1.2, N − 0.2, O − 28.9, other − 0.5 (the content of each component 
is less than 0.05%). GCS (gas coal sorbent): ash content − 14%, total pore volume − 1.52 cm3/g, sorption 
pore volume − 0.52 cm3/g, macropore volume − 1.00 cm3/g. Reagents, solvents, and gases: Ni(OAc)2× 
4H2O (Aldrich, 98%); C2H5OH (Sigma-Aldrich, ≥99.8%); Ar and He (special purity grade, 99.99%). 

Nickel-containing lignin was prepared using impregnation. Nickel was deposited from aqueous 
solutions of nickel acetate Ni(OAc)2×4Н2О. Lignin was preliminary processed under vacuum during 2 h 
at 1 Torr and 600°C. The wetness was determined using conventional method before the deposition. An 
aqueous solution of nickel acetate containing 0, 0.2, 0.6, 1.3, 1.6, or 2.2 wt. % nickel was slowly added to 
4 g of lignin up to the moment the solution volume can be entirely absorbed by the dried volume of 
lignin. Then the lignin sample was kept for 2 h in a closed vessel, being stirred at intervals. The wet lignin 
was dried in air at room temperature for 24 h and in a drying oven at 110°С for 2 h. By the same 
procedure as iron system from an alcohol solution of iron acetylacetonate Fe(AcAc)3 was applied to the 
surface of lignin and obtained samples containing 0.1% Fe. The nickel and iron content in dried lignin 
was determined by atomic absorption spectrometry. The procedure was reported in [8]. The chemical 
composition of the initial lignin was studied by atomic absorption and laser mass spectrometry on an 
EMAL-2 unit. The procedure was reported in [9]. 

The process flowchart and the unit for lignin conversion have been described in detail [10]. The carbon 
dioxide reforming was carried out in a 15 cm3 flow type reactor. The reactor was mounted in a waveguide 
of the microwave unit fed from a 540 W М-140 magnetron generating the microwave radiation with a 
2.45±0.05 GHz frequency and 100−150 mA current density. The temperature in the reactor was 
determined according to the previously described procedure using a tungsten-rhenium thermocouple 
placed into a thermowell [10]. The MWR-induced temperature at a specified current density was 
maintained using an automatic magnetron switch controller. The radiation powder was varied by the 
current density controller. At the reactor outlet, the residual radiation was absorbed by water. Carbon 
dioxide was fed to the reactor bottom at a 60cm3/min flow rate and induced temperature of 750−800°С. 
For comparison, experiments on microwave irradiation of iron-containing lignin under Ar were carried 
out. Experiments on reforming induced by convective heating at 750−800°С and СО2 flow rate of 
60 cm3/min were carried out for comparison with the results of microwave-assisted lignin conversion. 

Gaseous reaction products were analyzed online by gas chromatography on a Kristallux-4000М 
chromatograph. The hydrocarbon fraction was analyzed using a 1.5 m packed column filled with α-Al2O3 
grains (0.5 mm) with 15% of supported squalane phase using a flame ionization detector (FID) and He as 
the eluent. The contents of Н2, СН4, СО and СО2 were determined using thermal conductivity detector 
(TCD) and Ar as the eluent. 
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In order to determine the lignin absorption capacity for MWI lignin heating dynamics was measured. If 
absorption of MWI was insufficient to achieve the desired temperature (above 700°С), the reactor was 
charged with a mechanical mixture of lignin with the GCS carbon adsorbent having, according to [11], 
high dielectric loss tangent (12.72). 

Lignin conversion based on hydrogen (%): α(Н2) = mН2in−mН2res
mН2in

∙ 100%, where mH2in and mH2res are 
the H2 weights in the initial lignin and in the solid residue after reforming, respectively. 

The presented lignin conversion results are an average number of the three parallel experiments. The 
experimental error in each series varied from 5 up to 10%.  

 
 

3. RESULTS 
 

It was found that carbon sorbents exhibit different electrophysical properties depending on the pore 
structure and mineral composition (mainly, the presence of the magnetic iron oxide particles); because of 
this, the dynamics of formation of breakdown phenomena and associated heating of the material are 
essentially different [12]. Absorption of MWI by solid estimated as tangent of dielectric losses: tan δ= 
ε11/ε1`, where ε1 − dielectric permeability; ε11 − imaginary mean of dielectric permeability. In a number of 
publications, this effect was related to the phase transition of a ferromagnetic state of γ-Fe2O3 to a 
paramagnetic state (Curie point), which causes an increase in the contribution to the dielectric losses as 
the lost tangent tan δμ = μ''/ μ', where μ'' and μ' are the real and imaginary values of magnetic 
susceptibility, respectively [13]. 

The main characteristic of carbon sorbents (CS) is presented in the Table 1. 
 

Table 1. Main characteristics of carbon sorbents 

N/N Sorbents Ad, wt 
% 

Pore volume, cm3/g 
ε tg δ 

VΣ Ws Vmа 
1 WWS 2.5 1.19 0.27 1.02 2.1 8.6 
2 FCS 13.4 2.52 0.23 2.29 2.07 8.2 
3 GCS 25.1 0.97 0.48 0.49 3.31 12.7 
4 BCS 24.0 1.00 0.47 0.53 3.24 9.4 
5 OSS 6.8 0.75 0.37 0.38 3.03 0.43 

Note: WWS is the wood waste sorbent; FCS is the flax chaff sorbent; GCS is the gas coal sorbent; BCS is the crushed brown 
coal sorbent; γ is the apparent density; Ad is the mineral matter content (ash content); VΣ is the total pore volume; Ws is the 
volume of sorbing pores; Vma is the volume of macropores; ε is the dielectric constant; and tan δ is the dielectric loss tangent. 
 

We studied the influence of the concentration of the deposited organophosphorus compound, MW 
radiation conditions, and physicochemical characteristics of CS on the degree of degradation of OPC that 
had been adsorbed in CS pores. The conversion of TEP absorbing MW radiation takes place at 
abnormally low temperatures. The intense formation of gaseous and liquid products, which are condensed 
in the cooled collector, is observed at 100°C. An increase in radiation intensity to elevate the temperature 
to as low a value as 110–130°C allows for an almost compete degradation of TEP, although it is rather 
stable. The exhaustive destruction of TEP having this concentration is achieved by radiation at 
temperature of 200°C for 5 min. Convection heating to 200°C does not result in the degradation of TEP. 
The degradation of the substrate is evidently due to the action of microwave radiation on the OPC 
adsorbed in pores. At such low temperatures, plasma generation is visually undetected; however, the 
effects of repolarization processes in alternating electromagnetic field lead to severe degradation of the 
test substrate. The degree of decomposition of TPP linearly increases with an increase in the reactor 
temperature up to 300°C (and microwave power from 0.2 to 1.9 mW). At 300°C, which corresponded to 
the microwave power of 1.9 mW, TPP underwent almost complete degradation over 10 min of 
irradiation. 
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In the Table 2 presented balance of experiments of conversion phosphorous components 20% mass 
preliminary absorbed on sorbents at MW radiation. Conversion of phosphorous substrate was ∼ 99%.  

 

Table 2. Main results of OPC destruction (Т=110−130оС for TEP; 300°C for TPP; τ − 15 min; conversion − 99%) 

Sample 
Impregnated 
compaund 

Liquid product Gas product Adsorbed 
phosphorus 

Losses 

g % g % g % g % g % 

OSS+ТEP 4.0 50 1.63 40.7 1.5 37.5 0.32 8.0 0.55 13.8 

OSS+ТPP 2.4 32 0.7 29.1 0.5 20.8 0.15 6.2 0.43 18.0 

BCS+ТPP 3.15 42 traces 2.5 79.4 0.2 6.3 0.45 14.0 

 
A petroleum product was applied to each of the four carbon sorbent samples by impregnation from a 

solution in petroleum ether with a concentration of 10, 20, or 30 wt. % on a sorbent weight basis; then, 
the solvent was distilled off from the samples initially at room temperature and then in a vacuum oven at 
a reduced pressure and a temperature of 40°С. Two types of tar obtained from Western Siberian oil (I) 
and bituminous oil from the Moscow oil refinery (II) were used as petroleum products.  

The degree of conversion of tar applied to the test sorbents in a concentration of 10 wt.% upon 
microwave radiation was higher than 99% regardless of the origin of tar, the temperature of treatment, 
and the physicochemical parameters of the test sorbents. In this case, in spite of the exhaustive conversion 
of adsorbed tar, a larger amount of carbon residue remained at 300°С, whereas more gaseous products 
were released at 600°С (Table 3). 

An increase in the concentration of applied tar to 20 or 30 wt. % leads to a decrease in the degree of its 
conversion under the action of microwave radiation, but this conversion is no lower than 90%. 
Conversion of tar at 300 and 600°C in an electric furnace with convective heating was not exceeding 10 
and 60% respectively.  

The capacities for microwave absorption for the pristine and metal-containing lignin samples were 
determined by measuring the heating dynamics on exposure to MWR (Fig. 1).  
 

Table 3. Results of the degradation of tar obtained from Western Siberian oil (I)  
and bituminous oil (II) adsorbed in the pores of carbon sorbents 

 

 

 

 

N/N  Experimental conditions Tar conversion, % Temperature, 
ТоС 

Tar Tar content, 
wt. % 

Sample 

 
1 300 I 10 BCS >99 

2 300 II 10 BCS >99 

3 600 I 10 BCS >99 

4 600 II 10 BCS >99 

6 600 II 10 GCS >99 

7 600 I 20 GCS 96 

8 600 I 30 GCS 91 

9 600 I 10 WWS >99 

10 600 I 10 FCS >99 
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Figure 1. Microwave heating dynamics of lignin and sorbent samples. 

 
As can be seen from the Fig. 1, curve 1, the pristine lignin does not possess a sufficient level of 

microwave absorption; therefore, it was subjected to conversion as a mixture with a carbon adsorbent. In 
a carbon dioxide atmosphere under MWI, the pristine lignin mixed with a carbon adsorbent is converted 
to the liquid hydrocarbon fraction, water, gas products, and a solid residue. The deposition of nickel 
acetate on lignin did not increase the microwave absorption capacity (Fig. 1); therefore, a carbon sorbent 
was also added to lignin for the experiments (entries 3 and 4, Table 4). The deposition of nickel increases 
the recovery of hydrogen up to 82–86%, which is accompanied by a sharp change in the process 
selectivity depending on the gas medium used. In an argon flow, the yields of liquid and gaseous products 
are identical to those obtained by the destruction of pristine lignin in Ar. When carbon dioxide is used as 
the medium, the yield of liquid products markedly decreases down to 8.3 wt. %, while the selectivity to 
syngas increases to 73%, with the H2/CO molar ratio of ∼1. The observed increase in the yield of 
hydrogen-containing gas is apparently attributable to the catalytic action of nickel, which intensifies the 
interaction of lignin with the liquid destruction products (guaiacyl, phenyl, and vanillin derivatives). 

Unlike the deposition of nickel, deposition of a small amount of iron (0.1 wt. %) on lignin resulted in a 
sharp increase in the microwave absorption capacity, which was manifested as a rather fast generation of 
plasma and, correspondingly, enhanced heating dynamics of the system as a whole (Fig. 1) and as lignin 
conversion without a carbon material (Table 4). The introduction of iron compounds into lignin leads to 
decreasing yield of liquid products to 3 wt. % and increasing yield of gas products under the action of 
microwave radiation (Table 1). The yields of liquid and gas products formed upon destruction of iron-
modified lignin in argon and carbon dioxide are identical, which attests to high process intensity with 
plasma being ignited directly in the lignin matrix. However, the selectivity to synthesis gas in carbon 
dioxide increases to 94% from 64% observed in argon, while the selectivity to light hydrocarbons 
proportionally decreases. 

A comparison of the conversion of pristine lignin (entry 1, Table 4) and metal-modified lignin (entry 
2-10, Table 4) under MWI with the results obtained upon convective heating (entries 11, 12, Table 4) 
indicates that the yield of solid residue is almost invariable in both cases, i.e., the degree of lignin 
conversion does not depend on the energy transfer mechanism. Meanwhile, the selectivity to liquid and 
gas products markedly changes. In the case of convective heating, the yield of liquid organic products 
increases to 40 wt. %; as in the case of MWI, these products include watered phenyl, guaiacyl, and 
vanillin derivatives. As has been shown in [10], C–H bond cleavage in organic substrates predominates in 
the case of microwave heating, while C–C bond cleavage is the major process in the case of convective 
heating. This accounts for increasing selectivity to hydrogen-containing gas upon lignin destruction in the 
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microwave field. The key difference between the MWI and convective heating modes is switching of the 
process selectivity, which can be directed towards either liquid organic substrates (by convective heating) 
or hydrogen-containing gas (by MWI). 

 
Table 4. Main results of the lignin conversion process 

№ М wt.% Gas oil, 
wt.% 

gas, 
wt.% 

char, 
wt.% 

α(Н2), 
% 

H2 yield, 
wt % 

CO yield, 
wt.% 

Lignin+sorbent 
1 0 СО2 22.1 23.5 54.4 75.5 6.2 10.9 
2 0 Ar 41.7 13.3 45.0 75.1 5.9 3.2 

Lignin+cat+sorbent 
3 0.1 Ni СО2 21.5 27.2 51.3 78.9 10.4 10.4 
4 0.5 Ni СО2 19 31.9 48.4 80.5 12.9 12.0 
5 1.05 Ni СО2 12.5 46.1 41.4 82.4 17.8 20.6 
6 1.45 Ni СО2 8.3 48.5 43.1 85.6 21.0 21.8 
7 2.09 Ni СО2 14.9 46.0 39.1 87.2 18.7 22.2 
8 1.45 Ni Ar 37.4 14.3 48.3 82.3 6.1 4.7 

Lignin+cat 
9 0.1 Fe СО2 3.5 54.2 42.2 87.7 19.2 24.7 

10 0.1 Fe+1.45Ni СО2 3.3 56.4 40.3 90.0 22.5 28.8 
Convective heating 

11 0 СО2 38.9 19.3 41.8 83.5 2.4 10.9 
12 1.5 Ni СО2 39.8 16.3 43.9 86.6 4.2 8.0 

 
In order to increase the selectivity to hydrogen and syngas, a combined technique was applied: 1.45 

wt. % nickel was deposited onto lignin containing 0.1 wt. % iron. The catalytic tests showed that the 
deposition of nickel may increase the hydrogen recovery up to 90% and provide the maximum selectivity 
to syngas (84.5%), with the H2/CO molar ratio of 0.8 (entry 10, Table 4). In all probability, in the carbon 
dioxide atmosphere, functional groups (methoxy, propyl, and propylphenyl) present in the polyaromatic 
lignin units are the first to be reformed on nickel and iron sites, which results in a noticeable decrease in 
the yield of liquid destruction products and increase in the yield of hydrogen. The remaining polyaromatic 
skeleton is dehydrogenated; probably, the nickel sites promote the Boudouard reaction, resulting in 
removal of surface carbon and in increasing yield of carbon monoxide. Modification of lignin with a 
minor amount of iron leads to ignition of plasma directly in the lignin matrix even at the radiation power 
of 0.5 kW, which substantially enhances the hydrogen recovery. In the presence of nickel sites in the CO2 
medium, the yield of syngas markedly increases, indicating a plasma catalytic type of the process. 

The study of nickel and iron-contained particles structure and magnetic properties before and after the 
reforming provide the conclusion that different behavior of nanosized active components in the MW-
assisted reforming are dictated by specific features of Ni- and Fe-contained particles stabilization on the 
lignin surface and by different electronic structures of active Ni sites. 

 
 

4. CONCLUSIONS 
 

MWI of carbon adsorbents is effective manner for destruction of preliminary adsorbed organic substrates. 
This approach is perspective for deep conversion of petroleum residues and phosphorous pollutants. 
Mechanism of destruction of adsorbed organic substrates undergoing by MWI distinguishes from one at 
convective heating. Iron-containing components show significantly high ability to absorb MWI in 
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comparison with nickel modified lignin. Addition of Fe-contained particles on the surface of lignin leads 
to plasma generation, and do not require using of carbon sorbents as microwave absorbents. Using lignin 
prepared by combined. MW-assisted dry reforming of lignin with surface-deposited nickel and iron 
particles results in high lignin-to-syngas conversions. The mechanism of MW-assisted reforming of Ni 
and Fe-containing lignin differs from the mechanism of the process induced by convective heating. It was 
shown that in case of MW treatment of organic compounds dominate С−Н bond cracking, convective 
heating mainly induces lignin transformations with С-С bond cleavage, giving rise to liquid aromatics.  

Analysis of the conditions for increasing the process efficiency identified a number of interesting 
trends concerning the formation of the nickel and iron catalysts on the surface. The yield of syngas 
increases for Ni and Fe containing lignin samples compared with the initial lignin both in a CO2 and in a 
flow of Ar method in dry reforming under MWI can achieve high conversion of lignin to syngas. Molar 
ratio in gas product is H2/CO ~ 1. Ni and Fe nanoparticles immobilized on the lignin surface contribute to 
catalytic activity of dry reforming and provide an opportunity for fast and selective dry reforming of 
lignin organic mass in plasma catalytic conditions. 
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Abstract.  This paper presents a phenomenon of fire-column-like plasma ejected from minerals such as basalt. The 
experimental setup employs a microwave cavity including a microwave-drill device, which creates a molten hotspot 
from which the plasma column is ejected to the air atmosphere. This approach follows our previous studies on 
fireball- and fire-column-like plasma ejection from solids (glass, silicon, copper, titanium), and is related to the 
broader paradigm of localized-microwave heating (LMH), including the plasma generation and ejection from 
microwave-induced hotspots.  Various in- and ex-situ diagnostics are used in order to characterize the dusty plasma 
and the nanoparticle products obtained from basalt. The experimental results are considered in various scientific and 
practical aspects, namely their potential relevance to natural ball-lightning and volcanic effects, as well as their 
significance for several applications, such as powder generation, microwave-induced breakdown spectroscopy 
(MIBS), and mineral extraction. 

 
 
 
1. INTRODUCTION 

  
Heating, cracking, braking and melting of basalt rocks by means of microwave irradiation have been 
studied in various aspects in the last years [1−6]. Basalt melting in a microwave cavity was reported by us 
in 2004 [1]. More recently, microwave-heating effects in basalts were investigated in several aspects, 
including the formation of cracks due to temperature gradients and thermal stresses [2, 3]; microwave-
assisted rock breakage for space mining applications [4]; rock cracking and breakage for microwave-
assisted underground excavation [5]; and feasibility studies of basalt melting by microwaves [6]. With 
respect to the latter, we showed that basalt melting by localized microwave heating (LMH) involves a 
thermal-runaway instability [7, 8], leading to a hotspot formation in the core of the basalt stone. The 
molten core erupts after a while as a miniature volcano, and flows as a stream of lava towards the surface 
outside. 

The effect of fireball-like plasmoids ejected by localized microwaves from hotspots generated in other 
solid or liquid substrates was presented in [9, 10]. This effect resembles fireballs exited by microwaves in 
air atmosphere, as studied for instance in the context of their similarity to natural ball-lightning 
phenomena [11, 12]. The ejection of plasmoids by localized microwaves from solid substrates and its 
buoyancy in air [9, 13] has been demonstrated in several substrate materials, such as glass and silicates 
[14], germanium, salty water [10], titanium [15], and copper [16]. Some of these plasmoids were also 
examined by small-angle X-ray scattering (SAXS) at the European Synchrotron Radiation Facility 
(ESRF). The SAXS measurements revealed the presence of nanoparticles with diameters of ~50 nm 
within these plasmoids, in a number density of 16 3~ 10  mdn −  [17]. The significant presence of dust grains, 
compared to electrons and ions, in these plasmoids leads to their classification as complex (dusty) plasma.  

The present paper introduces our recent observations of similar fire-column and fireball-like plasmoids 
ejected by localized microwave from basalts. Various experimental techniques are applied in this study, 
as in the previous ones, in order to characterize the microwave heating, melting, and hotspot formation in 
the irradiated object, and the plasma ejected from it. These experimental means include microwave-
scattering analyses, optical spectroscopy, and scanning electron microscopy (SEM). Each of these means, 
solely, is limited in certain aspects, but their ensemble may provide some more comprehensive insight of 
the phenomena observed, as presented in the next sections. 
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2. EXPERIMENTAL 

 
The processes of basalt melting and plasmoid ejection therefrom are initiated in this study by directing 
localized microwave power into the basalt specimen. This localization effect is implemented by the 
microwave-drill mechanism [18], which creates the hotspot from which plasma is ejected in a form of a 
fire-column or a fireball, into the cavity.   

The experimental setup shown in Figs. 1a, b includes a microwave cavity fed by a 2.45-GHz, 1-kW 
magnetron. The cavity is made of a 210 5 cm×  cross-section waveguide, shorted at the end by a mirror 
made of metallic vanes under cutoff. This arrangement enables a direct view into the waveguide, with no 
disturbance to the various diagnostic means (e.g. the thermal camera which requires a direct line of sight). 
A similar array of vanes under cutoff is also installed as part of the side wall of the cavity, enabling a 
broader view (from both perpendicular directions) and more in-situ diagnostic means simultaneously.  

The magnetron’s switched-mode power supply (MagDrive-1000, Dipolar Ltd., Sweden) provides an 
adjustable input microwave power up to 1 kW. The microwave power is delivered to the cavity via an 
isolator and an impedance auto-tuner (Homer, S-Team Ltd., Bratislava, Slovak republic), as depicted in 
Fig.1a. The incident and reflected waves are recorded by the impedance-analyser mode of the auto-tuner, 
which also enables adaptive impedance matching and optimal transmission of the microwave power into 
the cavity. It also provides real-time measurements of the complex impedance of the load, in both actual 
and embedded modes. 

The diagnostic means include video recording (at 200 fps) and thermal imaging by FLIR-SC300 
camera, captured via the openings in the vanes along the waveguide. The optical spectral emission from 
the lava and plasma eruptions is captured by an optical spectrometer (Avaspec-3648) with 0.3-nm 
resolution in the range 200-1000 nm. 

 
(a)                                                                                      (b) 
 
 
 
 
 
 
 

 

 

Figure 1.  The experimental setup: (a) A block diagram of the experimental instrumentation, with the diagnostics including an 
optical spectrometer, thermal and video cameras, and an I-V probe. (b) The microwave cavity with a movable electrode (or 
optionally an electrode array) directing the microwaves into the basalt substrate hence creating a hotspot, from which the 
plasma-column is ejected to the air atmosphere within the microwave chamber, up to the aluminum-made collector. 

 
In this experiment we use basalt stones (from the Golan heights) either in their original natural shapes 

or cut to (3-cm)3 cubic bricks. This load is placed inside the cavity in an optimized position whereas the 
movable electrode directs the microwave energy locally into the substrate. Various level of focusing are 
optionally available in this setup, either by moving the single electrode shown in Fig. 1b, or by 
manipulating an array of nine moveable electrodes installed in the cavity ceiling, via the collector. The 
focusing possibilities include (a) a single-electrode focusing as in Fig. 1b, (b) no-electrode focusing, and 
(c) a multi-electrode array focusing. Each electrode in this array expedites the intentional excitation of the 
hotspot in its vicinity, when brought into contact with the basalt-stone surface, and hence enables the 
stimulation of the fire-column (and consequently of a fireball) in a more controlled fashion.  
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3. RESULTS  
 
As visually observed (and confirmed by thermal-camera imaging), at the first stage in this experimental 
run the microwave irradiation heats up the basalt to its melting temperature, whereas the heat energy is 
being accumulated in its core, forming an inner hotspot (within the stone or the brick). After a while, 
effects like lava eruption, lava tunnelling and rock cracking are observed (as reported in [7]). In the 
present work we first observed, however, that by a further irradiation of the basalt the hotspot continues to 
evolve up to a point in which plasma is ejected from it, as shown in Figs. 2a-d. Staring from a molten 
hotspot (Fig. 2a), the plasma is first emitted (Fig. 2b) and evolves as a stable fire-column (Fig. 2c), which 
finally emits a fireball. The latter is buoyant in the air atmosphere within the cavity, and tends to move 
towards the magnetron (as in [9, 10, 13, 14]). Various modes of plasma ejection from basalts have been 
observed in this study, such as fire-column eruption from a dome made of a thin layer of obsidian (created 
by the lava eruption), and a simultaneous ejection of two plasma columns from two different hotspots.  
 

(a)                                       (b)                                     (c)                                         (d) 
                                                                                                                     
 
 
 
 
 
 
 

Figure 2.  Plasmoid evolution from a molten hotspot in basalt: (a) The hotspot is formed and further evolved, (b) initial plasma 
plume is ejected from the hotspot, (c) a stable fire-column is fed by the hotspot, and (d) a fireball emitted from the fire-column 
is tending to fly towards the microwave-input port. 

3.1. Microwave-scattering analyses. The microwave scattered from the plasmoid is analyzed in order to 
find its microwave impedance, and hence to estimate its dielectric and plasma properties. First, the 
reflections of the 2.45 GHz input power are measured during the various stages presented in Figs. 2a−d. 
The results for the complex reflection coefficient Γ are shown in Figs. 3a, b, in Smith-chart and time-
dependent presentations, respectively.  

        (a)                                                                   (b) 

                                                                       

   

 

 

  

 

 

Figure 3.  Microwave reflections during the various stages of the plasmoid evolution: (a) A Smith-chart presentation of the 
complex reflection coefficient Γ, starting from a mismatch (|Γ|~1) at the hotspot stage (Fig. 2a), reduced to |Γ|~0.4 at the fire-
column stage (Fig. 2c), and matched (|Γ|~0) by the self-adapted fireball (Fig. 2d). Simulated dielectric-losses ( " 20,  25,  30ε = ) 
for an equivalent column-shape load are marked for comparison. (b) The reflection coefficient ρ = | Γ| and the hotspot 
temperature measured vs. time, showing an abrupt drop of the microwave reflections during the thermal-runaway instability. 
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The results show that the microwave reflection tends to decrease after the plasma ejection (from |Γ|~1 
to ~0.4), and to further decrease when a fireball emerges (to |Γ|~0). At the fire-column stage, the 
reflection coefficient is bouncing around ~0.4, while being attracted by the Smith-chart center. The 
corresponding power reflection is smaller than 20% at this stage, hence the plasmoid interacts with its 
microwave source as an adaptively matched load. At the fireball stage, this self-tuning mechanism tends 
to adaptively maximize the microwave power absorbed by the fireball, by optimizing its intensity, 
position and size. The reflection measurements enable us to find the impedance and dielectric properties 
of the fire-column by simulating an equivalent load, with the same shape, position and size, as presented 
in Fig. 3a.  

Microwave scattering measurements are also performed at other frequency ranges, by irradiating the 
plasmoid by another probing signal. The latter is coupled via additional input and output ports (marked 1 
and 2, respectively, in the inset of Fig. 4a). Scattering results for the microwave transmission coefficients 
(measured and simulated) at a lower frequency band (0.8–1.5 GHz) are shown in Fig. 4a, with and 
without the plasma. The results show that around the anti-node frequency of the coupling between Ports 1 
and 2 (at ~1.25 GHz, which corresponds to L ~ λ/2 coupler arm length), the transmission coefficient S21 is 
increased by >20 dB in the presence of plasma. Indeed, below the plasma frequency, the fire-column 
behaves like a conductor, which short the coupler arm length by half (~L/2 ~ λ/4) and hence significantly 
increases the transmission. A numerical simulation of this coupler, with an equivalent column-shaped 
load inside, enables us to estimate the plasma dielectric permittivity, as above. The transmission increase 
follows the temperature rise, as shown in Fig. 4b for the anti-node frequency, in which the plasma 
actually switches between the decoupled and coupled states of Ports 1 and 2.  

(a)                                                                                     (b) 

 
 
  
 
 
 
 
 
 
 
 

Figure 4. Scattering analyses of the plasma by an additional coupler at low frequencies: (a) The transmission coefficient S21, 
measured with and without the plasma, shows a >20 dB increase in the coupling due to the plasma shortening of the coupler 
arms 1 and 2 (in the inset). An equivalent load simulation results in 𝜀𝑟~0.3 − 𝑗50. (b) A single-frequency measurement vs. time 
at the anti-node frequency (~1.245 GHz) with respect to the hotspot temperature. The abrupt change in the transmission 
coefficient associated with the decrease in the hotspot temperature occurs with the plasma ejection.  

3.2. Optical spectroscopy. The optical spectrum of the light emitted by the basalt plasma-column 
presents spectral lines near 222, 328, 402, 567, 601 and 670 nm, identified as Fe, P, C, Si, Al and Ca lines 
[19], respectively, as shown in Fig. 5a. Due to the limited sampling resolution (0.3-nm), some of these 
lines are overlapping or weak (for instance, the continuum seen at the 750−800 nm range, may also 
indicate the presence of Mg). Nevertheless, all the elements detected by the plasma optical spectroscopy 
are known as components of basalt rocks. 

The Boltzmann plot technique is implemented on the Fe and Ti lines, as shown in Fig. 5b, which 
results in excitation temperature Texc estimates of ~ 0.3 and ~0.6 eV, respectively. The spectral emission 
of OH radicals is identified and compared by fitting to LifBase data [20]. As shown in Fig. 5c, the 
rotational temperature Trot is also roughly estimated in the same range of ~ 0.3−0.6 eV.  
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Figure 5. Optical spectroscopy measurements of basalt plasmoids (a); a Boltzmann plot of the Fe and Ti lines (b), and the OH-
radical emission compared by fitting to LifBase simulation (c). Both estimates result in the range Texc ~ Trot ~ 0.3-0.6 eV.  

3.3. I-V measurements. A Langmuir-like probe is inserted into the plasma in order to measure its I-V 
characteristics. As shown in Fig. 6a, the 1.6-mm diameter, 50-mm long probe is fed by a 50-Hz, ~100-V 
alternating voltage. Figure 6b shows the resulting current drawn by the plasma. Similar results are only 
observed when the melt exists as illustrated in Fig. 6a, and closes the electric circuits to enable the current 
flow (otherwise much smaller currents are erroneously measured). A presumable reason is the isolating 
powder oxide accumulated on the metal surfaces, which adds a significant resistant to the plasma current 
loop. The hysteresis observed in the I-V curve may also indicate a contamination of the electrode, which 
leads to a capacitive effect. The rough estimates of the electron temperature by the curves’ slopes results 
in ~ 0.3 and ~ 0.6 eV for the voltage rise and fall, respectively, in Fig. 6b. This Te range resembles the 
estimated optical results above. 

(a)                                                                                       (b) 

 
 
 
 
 
 
 
 

Figure 6.  I-V curve measurements: (a) The electrical setup of the probe fed by a 50-Hz, 100-V alternating voltage. (b) A 
typical I-V curve measured with the probe. The different voltage rise and fall paths (possibly due to the powder deposition 
capacitance) are marked by round and square dots, respectively. The electron temperature estimate by the various slops is 
~0.3−0.6 eV, similarly to the optical measurements above. 

3.4. SEM observations. The basalt’s plasma produces a significant amount of powder, deposited on the 
collector shown in Fig. 1b. The surface morphologies of the particles created by the plasma are 
characterized by a FEI Quanta 200FEG environmental SEM. The chemical element composition is 
analyzed using energy dispersive spectroscopy (EDS) with a Si(Li) liquid-nitrogen cooled Oxford INCA 
X-ray detector. The accumulated particles are observed in various shapes, mostly aggregates in few 
micro-meter sizes. Figure 7a shows aggregates of such particles on the collector surface as observed by 
SEM. The EDS analyses reveal that these aggregates are composed of elements typical to the basalt 
content, as listed in Table 1. The basalt’s plasma also generates larger spherical particles, in sizes of tens 
of microns, as seen on the collector (Fig. 7b). Holes of similar sizes are also noticed on the collector 
surface (this finding may evident either particle bombardment or a plasma localization effect). Island-like 
regions are also observed upon the white powder deposition on the collector, as shown in Fig. 7c. EDS 
shows that they mostly consist of aluminum, as the collector itself. 
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(а)                                                         (b)                                                 (c) 
 
 
 
 
 

 

 

Figure 7. SEM observations of the collector: (a) Aggregates of flower-like shapes uniformly spread over the collector surface. 
The inset shows a typical particle of a ~ 5 µm diameter. (b) An example of a larger sphere observed, of a ~ 0.2 mm diameter. 
(c) Island-like region mostly consists of aluminum (possibly due to plasma etching of the collector). 

EDS analyses were also conducted on the basalt stone surface, in its original and molten forms, in 
order to compare the compositions of the vitrified product (namely obsidian) and the natural stone. Table 
1 shows the relative presence of the constitutive elements in the various phases of this process, namely 
the natural stone, the melt, and the deposited powder. The weight ratios differ between the various phases. 
However, it seems that the deposited powder consists of elements provided solely by the basalt (e.g. Si 
and Fe). These ingredients of the powder were most likely extracted from the basalt, evolved and 
transported by the plasma to the collector. Accordingly, these elements were also detected by optical 
spectrometry in the plasma.  

 
Table 1. The elemental composition of the original basalt stone and the two solid phases produced,  
the vitrified melt (obsidian) and the powder accumulated on the collector (typical values in Wt. %) 

 

3. DISCUSSION 
 
In this study we found that LMH of basalt may cause (in addition to hotspot formation, melting and 
cracking) also an ejection of intense plasma from the molten stone [21]. This plasma in a form of a fire-
column (and possibly fireball), is found to be rich of nano- and micro-particles, and hence regarded as a 
dusty plasma. Using the simplified model of microwave excited dusty plasma assumed in [13−15], the 
main parameters of the basalt plasma are estimated as 17 18 3~ 10 10  m ,en −−  16 3~ 10  m ,dn −  and 

~ 0.3 0.6 eV,eT −  for the electron and dust densities, and for the electron temperature, respectively. This 
weakly-ionized, low-density plasma contains components of the original basalt stone (e.g. silicon and iron 
oxides), deposited in a powder form on the collector installed at the chamber ceiling. The remaining stone 
is cracked and partly melted to form a volcanic glass (obsidian). 

Major challenges have remained for further research in the course of this ongoing study, including in-
depth investigations and modeling of (a) the LMH interaction with basalt including phase transitions, (b) 
the plasma ejection mechanism, (c) effects of thermionic emission, (d) microwave interactions with dusty 
plasma and particle agglomeration therein, (e) plasma-surface interactions, and (f) plasma-chemical 
reactions which occur in this process.  

 O Si Al Fe Ca Na Mg K Ti P 

Basalt 48 23 8 7 6 3 2 1 1 1 

Obsidian 52 21 6 6 6 2 5 <1 1 <1 

Powder 42 4 5 3 - 22 - 7 - 17 
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In an interdisciplinary approach, the further progress in this LMH-plasma study is also oriented to 
volcanology and geosciences, in view of the basalt core-melting and lava-flow effects observed here in a 
miniature scale and their resemblance to giant natural volcanic phenomena. Also, the natural ball-
lightning phenomena sometimes associated with volcanoes could be experimentally modeled to some 
extent by the LMH-generated fire-column and fireball-like plasmas [9]. Therefore, another major 
challenge in this study is to further develop this experimental setup as a small-scale laboratory simulator 
of volcanic phenomena.  

In the more technological aspect, this study of LMH in basalts could be relevant to various potential 
applications, including for instance (a) microwave drilling in basalt [18], (b) cracking and crushing of 
basalts, for mining and construction operations [2-6], (c) basalt vitrification and glass production, (d) 
joining of basalt bricks, (e) direct extraction of minerals in a powder form from basalts, and (f) analyses of 
rock contents in the field, by portable microwave-induced breakdown spectroscopy (MIBS) systems [22]. 
 
Acknowledgement 
 
This research is supported by The Israel Science Foundation (Grant No. 1896/16). 
 
References     
 
1. Jerby E., Dikhtyar V., Einat M., Proc. AIChE Annual Meeting, Nov. 7−12, 2004, Austin, Texas, 

Amer. Inst. Chem. Eng., 2004, 1673. 
2. Peinsitt T., Kuchar F., Hartlieb P., Moser P., Hubert K., Restner U., Sifferlinger N.A., Int. J. Mining 

and Mineral Eng., 2010, 2, 18.  
3. Hartlieb P., Leind M., Kuchar F., Antretter T., Moser P., Minerals Eng., 2012, 31, 82. 
4. Satish H., Ouellet J., Raghavan V., Radziszewski P., Mining Technology IMM Trans., 2006, 115, 34. 
5. Hassani F., Nekoovaght P.M., Gharib N., J. Rock Mech. Geotechnical Eng., 2016, 8, 1. 
6. Mamontov A.V., Nefedov V.N., Tuv A.L. Yazykov D.A., Meas. Tech., 2012, 55, 1068. 
7. Jerby, E., Meir, Y., Faran, M., Proc. AMPERE 14th Int. Conf. Microwave High Freq. Heat., Sept. 

16−19, 2013, Nottingham, UK, 2013, 255. 
8. Jerby E., Chem. Eng. Proc., 2017, 122, 331. 
9. Dikhtyar V., Jerby E., Phys. Rev. Lett., 2006, 96, 045002. 
10. Jerby E., Dikhtyar V., Microwave discharges: Fundamentals and Applications, Lebedev Yu.A. (Ed.), 

Yanus-K, Moscow, 2006, 227. 
11. Ofuruton H., Kondo N., Kamogawa M., Aoki M., Ohtsuki Y.H., J. Geophys. Res., 2001, 106, 12367. 
12. Egorov A.I., Stepanov S.I., Shbanov G.D., Physics-Uspekhi, 2004, 47, 99. 
13. Jerby E., Encyclop. Plasma Technology, Taylor and Francis, 2017, 819. 
14. Meir Y., Jerby E., Barkay Z. Ashkenazi D., Mitchel J.B., Narayanan T., Eliaz N., LeGarrec J., Sztucki 

M., Meshcheryakov O., Materials, 2013, 6, 4011. 
15. Popescu S., Jerby E., Meir Y., Barkay Z., Ashkenazi D., J. Mitchel J.B., LeGarrec J, Narayanan T., J. 

Appl. Phys., 2015, 118, 023302. 
16. Jerby E., Golts A., Shamir Y., Wonde S., Mitchell J.B., LeGarrec J.L., Narayanan T., Sztucki M., 

Ashkenazi D., Barkay Z., Eliaz N., Appl. Phys. Lett., 2009, 95, 191501. 
17. Mitchell J.B., LeGarrec J.L., Sztucki M., Narayanan T., Dikhtyar V., Jerby E., Phys. Rev. Lett., 2008, 

100, 065001. 
18. Jerby E., Dikhtyar V., Aktushev O., Grosglick U., Science, 2002, 298, 587. 
19. Kramida A., Ralchenko Yu., Reader J., NIST Atomic Spectra Database (Ver. 5.2), NIST ASD Team, 

2014.  
20. Luque J., Crosley D.R., SRI Int’l Report MP 99-009, 1999. 
21. Jerby E., Shoshany Y., IEEE 45th ICOPS Conf. Plasma Sci., June 24−28, 2018, Denver, Colorado.  
22. Meir Y., Jerby E., Microwave Opt. Tech. Lett., 2011, 53, 2281. 
  

157



158 
 
 

158



159 
 
MICROWAVE DISCHARGES IN LIQUIDS: CHARACTERISTICS AND AREAS 
OF APPLICATION 
 
 
Yu. A. Lebedev  
 
A.V. Topchiev Institute of Petrochemical Synthesis of the Russian Academy of Sciences  
(TIPS RAS), Leninsky Prospect, 29, Moscow, 119991, Russia  

 

 
 
 

Abstract. The purpose of this review is to draw attention to the relatively new and poorly studied object of plasma 
physics, namely to the microwave discharges in liquids. Study of microwave discharges in liquids began only in 
early 2000-th and now they still remain one of the least studied plasma objects. Nevertheless, they are beginning to 
find application for solving various applied problems. The main types of experimental devices are described, and 
available information on the plasma parameters obtained by emission spectroscopy is presented. Results of studies 
on the use of such discharges in different applied areas are described: for water decontaminants, for generation of 
nanoparticles, for deposition of diamond coatings, for etching of photoresists, etc. Discharges can be created at 
pressure ranged from 0.1 kPa to atmospheric pressure at microwave powers from tens of watts to several kilowatts. 
Known data on the use of microwave discharges show their high efficiency in comparison with conventional 
discharges in the gas phase and in comparison with discharges of other types in liquids.  

 

  

 
1. INTRODUCTION 
 
Discharges in liquids have attracted the attention of researchers and are one of the priorities in the study 
of the physics of gas-discharge and low-temperature plasma [1−7]. This is explained, first of all, by 
promising applications of such discharges in solving environmental problems. In addition, such 
discharges can be used to produce various gas and solid products. 

At present, different types of discharges are used to create plasma in liquids, but microwave discharges 
are the least investigated object. Publications on this item appeared in early 2000-th and counts in several 
tens papers in contrast to thousands of publications on other types of discharges. The current state of 
researches in this field is presented in recent review articles [8, 9]. Here we use the limited list of 
references and recommend readers to see these reviews containing large list of references. The present 
article can be considered as introduction to these reviews.  

Why it is interesting to use microwaves for plasma generation in liquids? 
1. Numerous microwave apparatus can de designed for plasma generation in liquids for a particular 

application. 
2. Plasma can be created in any dielectric liquid.  
3. As plasma ignited in gas bubbles but not due to breakdown of liquids, a well developed theory of 

microwave discharges in gases can be applied for description of microwave discharge in liquids. 
4. Microwave discharges provide more soft conditions for plasma processing and do not require the 

extremely high electric field for breakdown. Excitation temperature in microwave plasma in liquid is 
less than that in RF plasma. Electron densities are close the same. 

5. Microwaves require less energy to generate plasma in comparison with high voltage pulses and give 
possibility to produce more dense plasma with increased concentration of active particles (results of 
modeling). 

6. Results on removal of methylene blue from water was compared with results in arc and RF plasma at 
the same power consumption showed that in microwave plasma the process is faster for a several 
times.  

7. Concerning the plasma chemical processing, microwave discharges in liquids can unite attractive 
features of plasma processing and effectively developed now  “microwave chemistry” 

8. Lack of knowledge on microwave discharges in liquids (only several dozens of publications in 
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comparison hundreds publications for other types of discharges in liquids) cannot provide a 
comprehensive answer this question. 

 
 

2. METHODS OF MICROWAVE PLASMA GENERATION IN LIQUIDS  
 

First of all it should be noted that, although often talk about microwave discharges in liquids, in fact 
microwave plasma is created in a gas bubble (a few millimeters in diameter) inside the liquid. The 
bubbles can be created in different ways: (a) by evaporation of the liquid in the vicinity of the antenna 
heated by the microwave field, (b) by the transmission of additional gases (argon is most often used), (c) 
by action of ultrasonic waves The surface of the bubbles is located near the high-temperature plasma 
zone, which ensures a high rate input of evaporated molecules of fluids in the bubble This bubble can be 
considered as mini plasma chemical reactor. As a result of the intense flow of molecules into the bubble, 
high concentrations of active particles (atoms, radicals, charged particles) are created in the plasma. 
Therefore, the efficiency of physical and chemical processes in this reactor is high. Accordingly, the rate 
of formation of products is also high.  

It should be also noted the initiation of physicochemical processes in the liquid by plasma active 
particles entering the liquid. This leads, for example, to the purification of water from pollutions.  

Microwave plasma is an extremely interesting object for investigation, since it is often non-equilibrium, 
heterogeneous, with large spatial gradients of parameters. Plasma as a rule is unsteady and existing under 
conditions of permanent exchange by energy and particles with the surrounding liquid medium.  

Various microwave-to-plasma applicators are used for generation of microwave discharges in different 
liquid dielectrics. Their task is to create the microwave field, having the strength sufficient to create a 
discharge, in the gas bubble. There are 4 main types of discharge devices [6]. This is the use of quarter-
wavelength metal antennas (Fig. 1a), at the end of which a discharge is ignited in the gas bubble. This is 
the use of slot antennas (Fig. 1b) and creation of gas bubbles near their surfaces by the introduction of 
additional gas (multibubble system). Another method is the coaxial input of microwave energy into the 
liquid, in which the discharge is ignited at the end of the central conductor of the line (Fig. 1c). A more 
complex method is also used, in which both the microwave and ultrasonic radiation act simultaneously on 
the liquid. 

 
Figure 1. Schematics of different types of microwave discharges in liquids: (a) discharge on the base of quarter-wavelength 

antenna, (b) discharge on the base of the slot antenna, (c) discharge with energy input through the coaxial line. 
 

In the case of creating plasma with the help of metal antennas, their erosion occurs. To reduce this 
process, various methods are proposed, in particular, the use of refractory metals, or coating of antennas 
with a heat-resistant dielectrics. 

Discharges in liquids are generated both at reduced pressures (determined by the pressure over the 
surface of the liquid) and at atmospheric pressure. Water, water with admixtures and different liquid 
organics were processed in microwave discharges in liquids. Generally, microwave generators with a 
frequency of 2.45 GHz are used to create the plasma.  
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Note that if one do not take special measures, microwave discharges in carbon-containing liquids are 
nonstationary. This is due to the formation of solid carbon-containing particles, which are distributed in 
the volume of the liquid due to convective flows. This leads to the absorption of microwave radiation and 
to discharge failure. To eliminate this phenomenon, it is necessary to organize the circulation of the liquid 
with its purification from solid particles. This must be done when creating technological processes 

Electrical discharges in liquids are extremely difficult for study. Using of contact diagnostic methods is 
difficult because the plasma is in a microwave field and the insertion of foreign objects in plasma distorts 
both the structure of the field and plasma. In addition, the microwave field can lead to the damage of 
diagnostic devices. Therefore, the only method for studying the plasma parameters is the optical methods. 
The most of papers cited in this review contain results of emission spectroscopy (mainly these results are 
related with measurements of excitation temperatures of plasma particles and gas temperatures). 

Additional possibilities in study of discharge parameters are provided by modeling, which is rather 
complicated, since the discharge is non-stationary and constantly exchanges in energy and matter with the 
liquid wall. Most modeling papers are related with calculations of microwave fields in the discharge system. 
The results of zero-, one- and two-dimensional modeling of processes in plasma are referred, in [8, 9].   

Known information on the properties of microwave plasma in liquids can be summarized as follows: 
• The conditions for ignition of the discharge (incident microwave power and pressure above the 

surface of the liquid) depend on the liquid. In liquids with a large loss tangent, ignition of the 
discharge is hampered by the absorption of microwave energy, which leads to its heating and boiling. 
It should be noted that it is not the microwave power important for the ignition of a discharge, but the 
microwave field strength that is achievable in this experimental device. Thus the ignition conditions 
depend on the design of the device. 

• The pressure above the surface of the liquid lies in the range between 0.1 kPa and atmospheric 
pressure (for example, a discharge in water is usually maintained at a pressure of the order of vapor 
saturation pressure).   

• The incident microwave power lies in the range from tens of watts to several kilowatts   
• Plasma is often in nonequilibrium state (the gas, rotational, vibrational, and electron temperatures are 

different)  
• Plasma is nonstationary. 
• The gas temperature lies between 300 K and 5000 K, depending in the conditions. 
• The electron density exceeds the critical density nec (nec[см-3] ≈1,24×1010f2[GHz], where f is the field 

frequency in GHz).  
 
 

3. AREAS OF APPLICATIONS OF MICROWAVE PLASMA IN LIQUIDS 
 

This paragraph only lists possible areas applications microwave discharges in liquids. Detailed 
description of areas of applications and references are given in [8, 9]. 
 
3.1. Decomposition of substances in liquids by microwave discharge. The main goal of publications 
in this field is the purification of water from hazardous impurities in microwave discharges in water under 
the action of active particles formed in a microwave discharge in a gas bubbles. All of them showed the 
effectiveness of the proposed method of water purification. Special are related with application of such 
plasma in miro- and nanoelectronics (ething, photoresist removal, etc).  
 

3.2. Gas phase products of microwave discharges in liquids. One of the important tasks that can be 
solved with the help of microwave discharges in organic liquids is the production of hydrogen. Since the 
efficiency of such discharges is high, they can compete with traditional gas-phase processes. Hydrogen 
production was tested from n-dodecane (C12H26), benzene (C6H6), commercially available cooking oil, 
engine oil, and waste cooking oil, waste engine, aqueous solutions of methanol (CH3OH) and ethanol 
(C2H5OH), methane hydrate. Methane, acetylene and ethylene also produced in microwave discharges in 
carbonaceous liquids. 

161



162 
 
3.3. Solid products of microwave discharges in liquids. Publications in this topic are related with 
production of micro and nanoparticles, chemical vapor deposition in plasma (diamond and diamond-like 
films), and with surface treatment in various technologies, mainly in micro- and nanoelectronics. 

New field in application of microwave discharges in liquids was demonstrated in [10, 11]. The method  
was proposed for extraction of valuable metals (Al, Co, Cu, Fe, Mo, Ni, V, Zn)  contained in heavy 
petroleum and in the products of it processing by use of microwave discharge in the volume of  these 
liquid heavy hydrocarbons. It was shown that the content of valuable metals in the carbonaceous material 
deposited on the antenna is much larger than in the initial hydrocarbons and the degrees of enrichment for 
different metals are in the range of 10−20 times. 
 

3.4. Synthesis of new compounds in liquid hydrocarbons. Active particles formed in a microwave 
discharge in a gas bubble can penetrate into the surrounding liquid and can initiate chemical 
transformations in it. Publications in which these phenomena are investigated are few. For example these 
products change the color of liquid hydrocarbons after processing, but concentration of these products are 
very small. 
 
4. CONCLUSIONS 
 

Microwave discharges in liquids are extremely interesting object for fundamental study as they unite 
phenomena of electrodynamics, plasma physics, plasma chemistry in non-equilibrium/quasi-equilibrium 
and non-homogeneous (in general) conditions. 

The field of plasma physics considered in this review is relatively new, and publications on this subject 
are mainly devoted to methods of microwave plasma generation in different liquids, phenomenological 
description of such plasma, and its applications.  

These new plasma objects produce a vast field of activity, because information on the parameters of 
plasma in liquids (unlike to plasma of other types of gas discharges in liquids) are almost absent.  

Further development of this promising field of plasma physics and application requires solution of 
diagnostic problems and simulation of microwave plasma in liquids.  
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Abstract. We review the status of the microwave discharge plasma lights in the kW range that are in practical use. 
We show examples of the applications, including grow lighting, entertainment lighting, sports lighting, etc. The 
unique features of plasma lights are explained. The prospects of further advancing the technology are discussed. 

 
 

   

1. INTRODUCTION 
 

Since the times of Nikola Tesla [1] and John Townsend [2] in the late 1890’s, electrodeless light sources 
using RF/microwaves have been the subject of much investigations to develop long lasting lamps with no 
electrodes. The main line efforts in the early periods were in the development of low power 
RF/microwave discharge light sources in the range of a few tens of watts mainly by industrial 
investigators [3−13]. The advent of “microwave discharge electrodeless sulfur lamps” in the early 1990’s 
was a landmark of developing high power electrodeless light sources in the kW range [10, 12]. Since 
then, there have been limited but steady efforts mainly in the industrial laboratories for the 
commercialization of RF/microwave discharge plasma lights in the hundred watt range [14] and in the 
kW range [15, 18, 19]. Owing to the freedom from electrode corrosions in electroded discharge lamps, 
the advantage of electrodeless lamps is attractive and many di-atomic molecular radiators were studied, 
including S2, Se2, Te2, GeS, GeSe, etc. [13]. 

The majority of the R&D efforts in the industry were reported in the patent literature and little has 
been published in the scientific and technical literature. There were some efforts conducted in other 
places including Russian research organizations but no serious commercial products were introduced. In 
the early part of the 2000's, there were some intense research activities in the academia to study the 
physical mechanisms of the sulfur lamps for a brief period [20−23]. To our knowledge, there is no serious 
research activity in progress in the academia at the present time. 

Although the light emitting diodes (LEDs) have become the main line lamps in the low power general 
lighting industry in recent years, the microwave discharge high power plasma lights in the kW range 
cover a parameter regime that is not easily accessable by LEDs for several technical and practical reasons. 
In the agricultural grow light industry, high pressure sodium (HPS) lamps based on electroded discharges 
have been dominating, but it has its own shortcomings, including the deficiency of blue light that is 
important for chlorophyll photosynthesis in plants, the short lifetimes of the bulbs, and the containment of 
environmentally hazardous materials like mercury. LEDs are also used in the horticultural applications 
but their limited spectral contents have resulted in questionable results in crops, despite their high 
efficiency.  

In this paper, we will first briefly review the technology of generating white light using microwave 
discharges of diatomic molecular vapors, and will describe what we have developed using non-rotating 
bulbs in the kW range that show attributes that are best suited for grow and entertainment lighting. The 
basic techniques were reported in previous publications elsewhere [16, 17]. The specifications of the 
lights include the high color rendering index of up to 99 Ra, near perfect natural light close to the sun 
light, a wide range of correlated color temperatures (CCTs) possible in the range of 4500 K to 7000 K, the 
lack of environmentally hazardous materials like mercury, semi-permanent bulb lifetimes beyond 50000 
hours owing to the lack of electrodes in the bulb, and small size bulbs that make it convenient to design 
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reflectors for appropriate light distributions, the use of non-rotating bulbs in circularly polarized 
microwaves, to name just a few. Partial enhancement in a particular part of the color will be shown, 
which is particularly useful for agricultural lighting. We will focus on the applications of the microwave 
discharge plasma lights for agri- and horti-culture, entertainment and fast photography, and large scale 
speedy sports. We will conclude with a brief discussion of the prospects, including recent progress made 
in using solid state power amplifiers (SSPAs) to generate plasma light, which may replace the magnetron 
to generate RF/microwaves in the kW range in the near future. 

 
 

2. TECHNICAL 
 

Figure 1 shows a schematic diagram of the microwave-discharge plasma light system that we have 
developed. Basically, a magnetron working at 2.45 GHz is inserted into the launcher of a WR340 
waveguide in which a TE10 mode is excited. At the other end of the waveguide, a specially designed 
circular polarizer converts the microwaves into circularly polarized waves in a circular resonant cavity 
that excites a TE11 mode rotating in the cavity [16, 17, 23]. In other words, the electric fields are rotating 
in the TE11 mode. 

   

Figure 1. The E-fields are circularly polarized by a specially designed circular polarizer in TE11 mode (L) and the field itself 
rotates within the cavity (R). The bulb is stationary. No motor is necessary to rotate the bulb. 

 
A stationary bulb, about 30 mm in diameter, for example, which is filled with a buffer gas of a few 

Torr and a radiator material in powder form, is placed within the cavity and the buffer gas is discharged 
by the rotating microwaves. After a few seconds, the radiator material is completely evaporated by the 
buffer gas plasma and the radiator vapor starts emitting white light in a plasma state. It is estimated the 
vapor pressure of the radiator vapor in the bulb is of the order an atmosphere. The output spectrum is a 
convolution of hundreds of transition lines of the diatomic molecules of the radiator material and appears 
as a continuum in the whole range of the visible. The spectra vary but in general their color rendering 
indices (CRIs) are high in the range of 80 Ra to 98 Ra, depending on the radiating materials. 

Conventional methods require rotating the bulb since the TE11 mode sets up electric fields linearly 
polarized within the cavity and hot spots are formed on the bulb, causing punctures in a few seconds. In 
order to circumvent the problem, the bulb is rotated by an external motor at a high rotating rate, a feature 
that is not desirable for practical lamps. Fig. 2 shows a schematic diagram of a conventional system with 
a simulation of the TE11 fields in the resonant cavity.  
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Figure 2. Conventional microwave discharge plasma lights use a rotating bulb in TE11 mode of electric fields within the 
cavity. The bulb has to be rotated using an external motor to avoid punctures in the bulb owing to hot spots formed by the 
linearly polarized electric fields. 
 
3. RESULTS 

 
Figure 3 shows an example of the spectrum that shows color contents particularly suitable for grow 
lighting. It is enhanced in the red color for high yields of crops in the flowering stage. Fig. 4 shows the 
extended spectrum covering the visible (blue and red for chlorophyll absorptions) and the abundant green 
light also helps photosynthesis for carotenoid. Infrared radiation is important for general 
photomorphogenesis of plants and for helping replenish nutrition to the plants by proper evaporation of 
moist from the leaves. 
 

 

Figure 3. Spectrum of SolaRay plasma light enhanced in the red in the PAR region. This is ideal light for plant 
photomorphogenesis. The enhanced peaks at the blue and the red are the most effective photosynthesis for chlorophyll A and 
B. The green light helps photosynthesis for carotenoid inside the leaves. 
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Figure 4. SolaRay plasma light emits radiation in a wide range, including UV, visible, and IR that are all essential for 
morphogenesis. The spectrum is enhanced in the red color in grow lights for better photosynthesis during the flowering stages. 
 

Some examples of grow lighting are shown for roses and cannabis grown under plasma lights in Figs. 
5 and 6, respectively.  

 

  

Figure 5. Roses grow about 20% faster and yield more rose buds under SolaRay plasma lights (L) than under other 
supplemental lights (R). Studies were made over a period of two years in a rose farm in Jonju, S. Korea. 
 

Figure 6 shows cannabis grown under SolaRay plasma lights. It was demonstrated that the plants grow 
faster than under other lights by more than 20% with stronger stems and petioles grown. The enhanced 
red color helps increase the yields in the flowering stage. 

      

Figure 6. Cannabis under SolaRay plasma light grow with strong and healthy stalks and bushy leaves in the vegetative stage 
and produce high yields of crops in the flowering stage. (Private correspondence with a grower in the U.S.). 

 
Photosynthetic photon flux density of several hundred micromoles/sec-m2 can readily achieved by 

appropriate reflectors. In particular, for large scale greenhouse applications, it is very benefitial to have 
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high power light sources for “large scale plant manufacturing” in the regions where sun light is deficient, 
or in greenhouses that are completely shielded from external light and entirely rely on artificial lights. 

Growing plants under artificial lights have many advantages, including the ability to maintain a 
constant illumination intensity over the growth period with a controlled level of photosynthetically active 
radiation (PAR) and the control of the day length a year around for an optimal growth for plants of 
various kinds. 

Figure 7 shows a typical spectrum of SolaRay plasma light that is used for entertainment and fast 
photography lighting. It shows a color rendering index of 98 Ra, near perfect natural light. The high CRI 
at a high power level is best suited for movie and video lighting and for fast photography in automobile or 
other vehicle crash experiments, for example. 
 

  
 

Figure 7. Spectrum used for entertainment  and fast photography lighting that requires high CRI with no flickering. SolaRay 
produces white light of CRI of 98 Ra. The CCT may be chosen in the range of 5000K and 6500K for high quality 
photographies. (Units of wavelengh in nm). 
 

Figure 8 shows a solar simulator that uses 16 sets of SolaRay lights with the total power of 16 kW. It is 
used to inspect the quality of large solar cell modules that are used for solar power generation. 

  
 

 
Figure 8. A solar simulator using 16 units of SolaRay plasma lights with the total power of 16 kW. It is used to inspect a large 
solar panel for its performance quality. SolaRay is the best light source for such an application owing to its near perfect 
spectrum close to the sun light. SolaRay lights were classfied as a Class AAA light source for solar simulations. [Courtesy 
Woowon Tech in Seoul]. 
 

Figure 9 shows two examples of sports lighting. On the left is shown a golf driving range illuminated b  
SolaRay plasma lights, and on the right is shown a climbing wall lighted by a plasma light. 
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Figure 9. Plasma lights are used for sports lighting. A golf driving range is well illuminated 
by plasma lights. The flying ball can be clearly visible at a distance of over 200 m away 
(L). A rock climbing wall is illumiated at night (R). 

 
 
4. SUMMARY AND PROSPECTS 

 
Electrodeless microwave-discharge plasma lights have come a long way for real world applications in 
many areas after periods of great expectations and setbacks and despite the challenges and competitions 
from other light source technologies. In the high power regime, microwave discharge plasma lights have a 
number of features and specifications that cannot be easily matched by LEDs or other conventional light 
sources. Stable and high quality white light can be generated by use of a variety of radiator materials with 
long lifetimes of the bulbs and with no environmentally hazardous materials. Its applications include 
lighting for agri- and horti-culture, entertainment and fast photography, fast sports, solar simulation for 
solar cell inspections, and many other applications that require high-quality light. 

The prospects are very good for RF/microwave-discharge plasma lights. The emerging technology in 
the high power solid state power amplifiers (SSPAs) in the kW range is opening up the possibility of 
developing a new class of microwave discharge plasma lights. It is expected SSPAs will replace the 
legacy magnetrons and will enable the development of the next generation plasma lights. Industrial 
innovations in high power RF/microwave plasma light technology using SSPAs like GaN and LDMOS in 
the kW range will be dependent on the availability of efficient and cost-effective SSPAs. 

Further work is necessary in both the academia and the industry to advance this important and useful 
technology for a wide range of applications. 
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Abstract. Physical and plasmachemical applications of a peculiar form of gas discharge excited by means of 
microwave beams under high –pressure gas (atmospheric pressure or more than it and subthreshold microwave beam 
power conditions are under discussion. Discharge form being studied has some features discriminating it from all 
known discharges including described in literature microwave ones. Physical model of investigated discharge (with 
given  such a name as self-nonself sustained (SNSS) discharge) has been elaborated in the GPI. Model which 
accounts for the fact that discharge is excited at a such high pressure that electron-neutral collisions frequency is 
much higher than the cyclic microwave frequency and power of microwave beam is much less than threshold for 
self-sustained discharge excitation. Results of experiments on the action of SNSS discharge on the gas environment 
of modern megalopolis (Moscow) are presented. They are pointed to some kind peculiarities which make this 
discharge application very attractive for ecological problems solution. Schematic variants of cleaning of town 
environment are presented. 

 
 
 
1. INTRODUCTION 
 
Studies on the fundamental physics problems of microwave-driven discharges in a gas, which were 
carried out at General Physics Institute of RAS (GPI), have provided the basis for the development of a 
series of original plasma sources intended for use in physical laboratories and for solving current 
technological problems of interest. The most promising discharge for future technology is a plasmatron 
based on the subthreshold generation of a discharge initiated by a pulse microwave beam. This new type 
of microwave discharge, which is named a SNSS discharge, is realized when the following conditions are 
initially fulfilled:   

(a) The microwave beam propagates in a gas where the pressure is so high that a strong inequality 
holds: 

 νeff >>ω (1) 

(Here, νeff is the effective electron-neutral collision frequency, and ω is the microwave cyclic frequency);  
(b) The reduced microwave electric field is so low that it is initially much less than the beam volume 

that is required for excitation of a self-sustained discharge:   

 γ ≡ E0/nm << [E0/nm]thr  (2) 

(Here, E0 is the microwave electric field amplitude, nm is the neutrals density, and [E0/nm]thr is the reduced 
microwave electric field required for excitation of a self-sustained discharge); 

(с) Finally, the local pulsed initiator of the discharge in a certain volume, Σd, is much smaller than the 
volume occupied by the microwave beam, ΣMW, such that 

 Σd << ΣMW  (3) 

This initiator acts during time τi, which is shorter (much less) than the duration of the microwave pulse, 
τMW: 

 τi << τMW (4) 
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In all of the initiation methods used in experiments conducted at the GPI, it has been shown that the 
local excitation of the self-sustained discharge in a volume that is much less than the volume occupied by 
the microwave beam is accompanied by an ionization wave. This wave propagates toward the microwave 
generator and builds an axial plasma column. In this case, the greater the beam pulse duration, the greater 
the plasma column length. Thus, unexpectedly, a new phenomenon was demonstrated, i.e., the formation 
of an extended gas discharge plasma column in microwave fields that are less (and even substantially 
less) than the threshold fields required for exciting a self-sustained discharge in a gas in free space. 
Characteristic photograph of SNSS discharge, which was initiated with the help of metal–dielectric target, 
is presented in Fig. 1. 

                         
Figure 1. Typical photograph of SNSS discharge. Figure 2. Scheme explaining the SNSS discharge 

formation. 1 – microwave beam; 2 – metal-dielectric 
initiator of local discharge; non-self sustained discharge. 

 
 
2. PHYSICAL PROCESSES UNDERLYING THE GENERATION OF SNSS DISCHARGE  
 
It is generally accepted that the gas discharges known and described in the literature are in one of two 
categories: self-sustained and non-self-sustained discharges [1, 2]. However, research carried out at the 
GPI [3−5] allows us to amend this idea and to describe a third discharge category. This involves plasma 
formation via the SNSS discharge, which represents an unusual transition sequence from self-sustained to 
a non-self-sustained stage through a strongly nonlinear phase of ionization-overheating instability. 

The physical analysis carried out in Refs. [3−5] explains the mechanisms of formation of an ionization 
wave in an initially extremely subthreshold microwave beam in high-pressure gases. The model presented 
in Refs. [3−5] proceeds via the assumption that ultraviolet radiation has a decisive role in both the 
initiation stage and in later stages, and specifically, in its front. The model is shown in Fig. 2 of the 
schematic boundaries of the microwave beam and ionization wave at a particular time. Also shown are 
the discharge channels (filaments) that arise near the initiator and in the formed propagating axial 
ionization wave, specifically at its front due to the transformation of the non-self-sustained discharge into 
the self-sustained discharge via the strong nonlinear stage of ionization-overheating instability. Discharge 
channels in the front of the ionization wave play a part in the UV radiation source ahead of the ionization 
wave front at a distance of l ≤ lf (lf is the average free path of the ionization radiation). The microwave 
beam interacts with this plasma, becomes partially absorbed, and heats the gaseous medium through the 
electron component. 

As described in Ref. [3], the velocity of the SNSS discharge propagation toward the microwave beam 
in air at a high pressure (νeff >> ω,νeff*) can be estimated using the following relation: 

 Vяi ≈ 10 ne E0
3 / p0

4 ≈ 3.2 105 ne If
3/2 / p0

4  (5) 

Here, νeff* is the electron-neutral collision rate that corresponds to the gas molecular density nm* such that 
γ = γthr, where ne is the electron density of photo-ionized plasma ahead of the SNSS discharge front, p0 is 
the initial pressure of the gas in Torr, E0 is expressed in kV/cm, and If is the microwave intensity in 
W/cm2.   
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The nonlinear stage of the ionization-overheating instability growth in the non-self-sustained 
microwave discharge was theoretically studied [6]. In that paper, the plasma parameters in the arising 
filaments were estimated. The final electron temperature in the filaments can be calculated by the formula 

 Te ≈ (νeff
0/ω)2 Te0

  (6) 

and the electron density has the form   

 ne ≈ (νeff
0/ω)βi+1 νa/νT  ne0

  (7) 

Here, βi ≈ 5 – 6; νeff
0 is the electron-neutral effective elastic collision rate; ne0 and Te0 are the initial 

density and temperature of the electrons, respectively, in the uniform plasma of the non-self-sustained 
discharge. νa = 1/τa, where τa is the electron loss time (due to attachment, recombination, or diffusion). 

 νT ≈ 10−9 σ0 E0
2/p0

  (8) 

where σ0 is the initial plasma conductivity in electrostatic units, and E0 is in units of V/cm.  
Upon substituting values for νeff

0, Te0, σ0, and νa that are characteristic of the experiments described in 
Refs. [3−5], we found that the final plasma state in the channels corresponds to almost total ionization at 
an electron temperature of several hundreds of electron-volts. However, the real values of the electron 
density and temperature can be limited by a number of unknown processes in Ref. [6], e.g., the reflection 
of microwaves from filaments, etc. Nevertheless, the results of the estimation and experimental results 
show that the discharge filaments are indeed the regions of dense and high-temperature plasma that fit the 
measurements conducted in Ref. [7] that provide values of ne ≈ 1016–1017 cm−3 and reveal the presence of 
a photo-ionized plasma ’aureole’ around the discharge channels. The gas temperature in the filaments was 
measured in several studies [8] and found to be on the order of Tg* ≈ 5000–7000 K. 

 
 

3. SNSS DISCHARGE AS A NEW (UNIQUE) TYPE OF IONIZATION WAVE 
 
There is reason to believe that SNSS-type discharges that possess regions of fast and high heating of the 
gas with subsequent fast cooling of the gas may be a very efficient method for processing gaseous media. 

The achievement of microwave plasma generation that is unusual in its physical properties but is also 
promising for some technological applications, namely the SNSS discharge in large gas volumes at 
pressures above or on the order of atmospheric pressure, led us to construct the TORCH installation at the 
GPI. This installation is assembled around the MIG-3 GYROTRON complex, generating a microwave 
beam with the following parameters: a microwave pulse power of Pi ≤ 600kW, a pulse duration of τMW ≤ 
20 ms, and a wavelength of λ ≈ 0.4 cm. 

In experiments carried out in the TORCH installation, SNSS discharges have been excited with diverse 
microwave beam cross sections generated by the MIG-3 GYROTRON complex via help by special 
initiators. Even at maximum powers in a microwave pulse, the reduced electric field values in the beam 
do not exceed 10−16 V cm2. This value is more than one order lower than the threshold to generate a self-
sustained discharge in free space [1]: γthr ≈ 10−15 V cm2.     

In the TORCH installation, we studied the SNSS discharge excitation in free space in atmospheric air 
and in a closed chamber filled with various gases or gas mixtures at pressures that are also close to 
atmospheric pressure. The schemes of microwave subthreshold discharge experiments in atmospheric air 
and in the closed chamber are shown in Figs. 3 and 4, respectively. 

The experiments conducted on the TORCH bench shown in the schemes in Figs. 3 and 4 demonstrated 
the excitation of the SNSS discharge (in free space and in a closed chamber) at atmospheric pressure in 
single microwave pulses beginning with a peak power on the order of Pi≈ 200 kW and up to 600 kW with 
a pulse duration of τMW ≈ 200 µs and up to 20 ms. The discharge was excited with the help of a special-
purpose initiator and occupied an extended volume. The greater the power or the longer the microwave 
pulse, the larger the axial length of the discharge. 
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Figure 3. Experimental scheme of SNSS discharge 
excitation in free space in atmospheric air. 1 – initiator; 
2 – microwave absorber; 3 – SNSS discharge. 

Figure 4. Experimental scheme of SNSS discharge 
excitation in a closed cylindrical chamber. 1 – initiator; 
2 – microwave absorber; 3 – cylindrical chamber; 4 – 
working gas intake fitting; 5 – working gas withdrawal 
fitting; 6 – MW transparent window; 7 – SNSS 
discharge. 

 
Based on (5), the power dependence of velocity Vzi on the microwave power level Pi with a power 

index of 3/2 predicts that Vzi ~ Pi
3/2. Additionally, the predicted dependence of the specific energy 

distribution in the discharge, ε, on the power of the microwave beam is inversely proportional to the latter 
with the power dependence at an exponent of ½: ε ~ 1/Pi

1/2. Unfortunately, until recently, no experimental 
study has been carried out that confirmed or refuted the predicted dependences (and consequently, the 
nature of the unusual wave). 

Recently, experiments have been conducted with subthreshold beams of microwaves in search of an 
answer to the question regarding the main physical processes that are responsible for this new type of 
microwave discharge. The aim of the experiments was to obtain similar dependences for the axial 
velocity of the SNSS discharge and its parameters that were on the level of the electric fields (specific 
microwave power) in a microwave beam. 

The gyrotron radiation pulse and its magnitude were recorded using a quasi-optical reverse coupler 
located in the quasi-optical path. Using the same coupler, the radiation pulse that reflected from the head 
of the discharge was recorded. In the registration channel of the reflected radiation, a reference signal was 
introduced that branched from the signal of the gyrotron radiation pulse. Thus, as a result of mixing and 
detecting the reference and reflected signals, the change in the phase of the reflected radiation was 
measured, and the average speed of the head of the discharge was measured. The signal from the detector 
was received by an amplifier with a 20 MHz band and a digitized ADC with a frequency of 10 MHz.  

As a second tool for measuring the axial speed of the head of the discharge, a line of five collimated C-
UVA512SD photodiodes with a sensitivity band from 240–360 nm was used. The distance between the 
photodiode slits was 5 cm, and they were located along the axis of the microwave beam at a radius of ~10 
cm from the axis.  

A summary of the dependence of the mean velocity of the discharge front on the microwave beam 
power as measured in several experiments is shown in Fig. 5. As shown in the figure, certain axial 
velocities of the front of the discharge propagation (ionization wave) fall well enough within the 
dependence of Vzi(Pi) ~ Pi

3/2 predicted by the model from Ref. [3]. 
The direct determination of the specific heat input, ε, in the study of microwave discharges is a task 

with extreme complexity when there are strong spatial inhomogeneities in magnitude, and it causes 
sufficiently fast temporal changes, an inability to use contact methods of measurement, etc. In the 
described experiment, a set of indirect measurements (based on the optical spectroscopic method for 
determining the maximum temperature, Tg) is achievable in the region of the discharge. As an 
approximation that requires further studies of special cases, there is an assumption of the proportionality 
of this temperature to the level of specific energy distribution: Tg ~ ε. The temperature in this experiment 
was determined by the discharge emission continuum using the method from Ref. [9]. The measurement 
results are shown in Fig. 6. The solid curve in the figure was calculated and corresponds to the inverse 
proportional dependence: Tg ~ 1/Pi

1/2. As shown in the figure, the experimentally measured values for the 
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maximum gas temperature are sufficiently close to the calculated curve. This allows us to assume that the 
specific energy release is ε~ 1/Pi

1/ 2, which corresponds to the dependence predicted in Ref. [3]. 
Thus, the dependence of the axial velocity of the SNSS discharge propagation in the subthreshold 

Gaussian microwave beam on the power level, Pi, of the beam was determined. According to the results 
presented in Fig. 5, the experimentally determined dependence of the axial velocity of propagation of the 
ionization wave, which is essentially a SNSS discharge, on the power level in the Gaussian beam falls 
well within the predicted [3] dependence. 

The inversely proportional dependence of the measured gas temperature that was achieved in the 
discharge on the power level for the Gaussian beam was very close to the predicted dependence (see Fig. 6). 
 

                       
Figure 5. Dependence of the axial velocity of the SNSS 
discharge propagation on the microwave beam power. 
Solid curve was calculated for Vzi ~ Pi

3/2. Points were 
experimentally determined. 

Figure 6. Gas temperature in the SNSS discharge as a 
function of the microwave beam power. Solid curve was 
calculated for Tg ~ 1/Pi

1/2. Points were experimentally 
determined. 

 
The obvious similarities between the dependences of Vzi(Pi) and Tg(Pi) obtained in the experiment 

compared with those in the physical model [3] allow us to consider the mechanism of alternating 
excitation of the non-self-sustaining and self-sustaining discharges in a strongly subthreshold microwave 
beam as an adequate physical phenomenon of the observed ionizing wave. This wave that was first 
observed at the GPI has no analogues among those described in the literature, either in the microwave 
range or when working with laser beams. 

Analysis of the problem of forming ionization waves in electromagnetic wave beams was performed, 
in particular, in monographs (see Refs. [1, 2]). Of note, the discharge tended to spread. There are always 
mechanisms of energy transfer from the discharge plasma to the neighboring non-ionized gas layers that 
contribute to their ionization and that bring them to a state that is capable of absorbing an electromagnetic 
wave. If these layers are in a strong enough field, they form a self-sustaining discharge that acts on the net 
layer. The spread of discharges in pre-trial intensity fields should be associated with any transfer 
mechanism for the ionizing agent. Among these agents are the thermal conductivity, the diffusion of 
electrons, the diffusion of resonance optical radiation, etc., which are unknown for the analogue 
discovered in the GPI wave based on the SNSS discharge. By incorporating a new discharge based on the 
excitation of a SNSS discharge, the results presented in this paper provide the foundation to expand the 
set of ionizing waves and breakdown waves that are typical for interacting with electromagnetic waves 
beams in a gas medium.  

According to the schemes shown Figs. 3 and 4, a series of experiments were conducted at the GPI to 
study the cleaning effect of the SNSS discharge on model and real gas mixtures that are typical in 
ecological problematic areas in a modern metropolis. The appeal of the SNSS is due to the peculiarities of 
this type of microwave discharge as a means of plasma chemical action on a gas medium. According to 
the physical model presented in Ref. [3], this discharge develops via an ionization wave propagating 
towards microwave radiation as a sequence of "micro explosions" in thin channel ("filamentous") 
structures. The physics of the formation of the ionization wave involves alternating between a non-self-
sustained discharge supported by "frontal" UV radiation and a self-sustaining discharge resulting from the 
development of ionization-overheating instability that reaches a highly nonlinear stage in microwave 
fields. The plasma-chemical effects are based on the rapid heating processes of the gaseous medium with 
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the formation of "thread" structures (the speed, which reaches values of dTg/dt ≥ 106 kK/s) and fast-
cooling areas of contraction before the temperature of the surrounding gas environment changes (with a 
speed of –dTg/dt ≈ 104 kK/s). In accordance with these type of thermodynamic features, the SNSS 
discharge can be represented as a plasma chemical object with locally arising reactors – a fast gas heating 
reactor and a fast cooling reactor – that provides effective decomposition of molecules and effective 
"hardening" of decomposition products with the possibility of a very complicated reverse reactions.  

In prior experiments [10], the energy price for cleaning SNSS discharge air samples from the 
Lefortovo auto-tunnel in Moscow and from the premises of a Paint production facility in the Moscow 
region was determined. The energy price to reduce the level of MPC of environmentally hazardous 
impurities was on the order of: 

η ≥ 5 10−3 kW h / liter         (9) 

In this paper, for the first time, we investigated the impact of SNSS discharge on gas samples 
simulating emissions from urban landfills or taken directly from landfills that are smearing sites. One of 
the first experiments was to study the effectiveness of the impact of the SNSS discharge on air mixtures 
with mercaptan (thiol) and a mixture of air with mercaptan and methane. Mercaptan is one of the most 
harmful components from gas emissions in urban landfills because it a strong nerve poison with a 
narcotic effect. In low concentrations, it is characterized by an extremely unpleasant odor. Measurement 
of the composition of a mercaptan/air mixture before and after treatment with SNSS discharge showed 
that the specific concentration of the mercaptan before the experiment was 68 mg/m3, which decrease to 
0.62 mg/m3 after treatment with the discharge. The specific cost of microwave energy per 1 liter of the 
mixture was approximately:  

η ≈ 7 kW h / liter      (10) 
The features of the SNSS that make its application very promising include the following:  

- The possibility of excitation at atmospheric (and higher) pressure without the involvement of vacuum 
systems or requiring energy costs of the initiators; 
- Its ionization wave propagating towards the microwave radiation and capturing significant amounts of 
the processed gas medium; 
- The possibility of simultaneous output (purification) of the treated gas for a wide range of 
environmentally harmful impurities; 
- The possibility of excitation of the SNSS discharge both in closed volumes and in free air space at the 
surface of the Earth and at relatively large distances from it. 
 
 
4. CONCLUSIONS 
 
Potential applications of the sub-threshold microwave discharge are shown in Figs. 7–9. In Fig. 7, a 
scheme for exciting the SNSS in a surface atmosphere using a system of chaotically intertwined thin 
stainless steel wires, as developed and used at the GPI as an initiator, is shown. Moving the initiator with 
its input into the microwave beam formed by the ground generator was performed with the help of an 
unmanned aerial vehicle. This option is applicable, in particular, for the purification of an urban 
atmosphere with localized Freon emissions (see Ref. [11]). In Fig. 8, the SNSS discharge is used for 
purification of industrial gas emissions directly in the pipes of the enterprise. In Fig. 9, the investigated 
category is considered as the basis of the system, which performed cleaning and disinfection of air 
directly in production facilities. 

Experiments to clarify the energy price of microwave beam exposure in a polluted urban atmosphere 
and a technical and physical analysis of using plasma-chemical electric-discharge for the restoration of 
environmental safety in an urban environment are the main objectives of subsequent studies at the GPI 

Due to the experiments performed at the GPI, a new type of subthreshold self/non-self-sustained 
(SNSS) discharge has been realized. For the first time, the excitation of this discharge at atmospheric gas 
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pressures (and higher) have been demonstrated in free space in ambient air and in a closed cylindrical 
chamber filled with different gases.  

Research on SNSS discharge for plasma-chemical applications has led to a new direction: “plasma 
chemistry of microexplosive plasma formations”. A wide range of urban problems that can be solved 
using this field of plasma chemistry are described in this paper. We describe the peculiarities that make 
the application of this discharge very attractive for solving ecological problems.  

For the first time, the SNSS discharge was created using millimeter wavelength microwave beams at a 
high pulse power of ≈600 kW. Additionally, the discharge was initiated in any beam cross section using a 
specially made construction composed of metallic thin threads. In this case, discharge initiation and its 
maintenance in the form of an axially propagating ionization wave was carried out using only one 
microwave energy.   

The discharge parameters are compatible with those predicted by the physical model, which 
considered the SNSS discharge as a progression of sequential transitions of non-self-sustained and self-
sustained discharges through the excitation and development of ionization-overheating instability.  

The gyrotron was applied, which is capable of generating a microwave radiation with an average 
power of several hundred kW (at the peak pulse power of ≈600 kW) in a pulse-periodical regime. Due to 
its relative simplicity, this microwave radiation, which is interfaced with a cylindrical reactor chamber 
and has a highly efficient microwave energy contribution to the subthreshold discharge in a gas medium, 
allows us to draw conclusions about the feasibility of plasma–chemical reactor creation based on the 
gyrotron and SNSS discharge. It can satisfy the modern industrial requirements of various chemical 
technologies, such as methane conversion in syngas, CO2 utilization, and industrial gaseous waste 
cleaning. 

 

 
Figure 7. Schematic of atmospheric cleaning 
system. 1 – gyrotron and MW antenna; 2 – 
SNSS discharge; 3 – initiator; 4 – MW beam; 5 
– pilotless vehicle. 

Figure 8. Industrial gs ejection cleaning. 1 – 
plant building; 2 – MW beam; 3 – SNSS 
discharge; 4 – initiator; 5 – plant chimney; 7 – 
gyrotron and MW antenna. 

 

                        
Figure 9. Cleaning of the gas environment in the workshop. 1 – 
gyrotron; 2 – MW beam; 3 – plasmachemical reactor. 
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Abstract. Interest in the study of kinetic processes in microwave discharge at low and moderate pressures in 
hydrogen is due to the various applications of hydrogen-containing low-temperature plasma in technologies. The 
internal logic of the development of plasma chemistry dictates the development of a rapid, affordable price and least 
time-consuming experimental − computational techniques based on combination of methods of emission 
spectroscopy and level-to-level collisional-radiative models of atomic-molecular plasma. This combination 
significantly expands the diagnostic capabilities of emission spectroscopy. The application of these methods allows: 
1) for obtaining data on mechanisms of physical-chemical processes responsible for the formation of non-
equilibrium distribution of populations of particles in excited radiating states; 2) for optimizing the input of reagents 
and catalytic additives in the discharge zone and output that of the reaction products; 3) for performing the selection 
of the atomic lines and molecular bands in the emission spectrum for the diagnostics of plasma parameters. 
Insufficient degree of completeness of the kinetic schemes of the formation and destruction of excited states of 
molecules and atoms of hydrogen of models of the atomic-molecular plasma reported in the literature limits their 
use for spectroscopic plasma diagnostics. This paper is devoted to development of the level-to-level semiempirical 
collisional-radiative model of molecular hydrogen plasma to investigate the processes of dissociation of molecular 
hydrogen and populations of electronically excited states of the hydrogen atom in microwave discharges at low and 
moderate pressures. 
 
 

 
1. INTRODUCTION 
 
An investigation of a sources of the neutral and charged atoms based on microwave discharges in 
hydrogen (deuterium) is given special attention. A necessary stage of the investigation is the development 
of spectral methods (emission spectroscopy and optical actinometry) for diagnostics the degree of the 
hydrogen molecule dissociation in discharge systems. An important component of the spectral methods is 
a collisional – radiative model of low temperature plasma for processing and interpreting the 
experimental data by emission spectroscopy and optical actinometry. 

A critical analysis of experimental and theoretical results of the investigation of the hydrogen low-
temperature plasma is presented in the review [1]. No systematic studies of the molecular hydrogen 
dissociation are carried out in the microwave discharges. The microscopic and macroscopic models of the 
non-equilibrium and thermal hydrogen molecule dissociation are numerous. When comparing the results 
of theory and experiment, authors note the difficulties of the theoretical reproducing of the hydrogen 
molecule dissociation measurements in microwave discharges. 

It is generally accepted that: 
1. The description of hydrogen dissociation close to the experiment is given to the microscopic models 

(in the approximation of the basic level kinetics). 
2. Dissociation of molecular hydrogen in low temperature plasma is markedly due to electron impact 

through the formation of the triplet states of the hydrogen molecule. 
3. The discrepancy between theory and experiment seems to be due to the difficult to control processes 

of interaction of atoms with the surface of reactors. 
From the above survey of the hydrogen low temperature plasma models, it follows that the description 

of the kinetics of processes proceeding in hydrogen plasma becomes ever more detailed, but processes 
involving hydrogen molecules in triplet and singlet electron states have not yet received adequate study. 
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Figure 1. Diagrams of the singlet (a) and triplet (b) states levels. 

 
The next part of this paper is devoted to the development of the level-to-level zero-dimensional 

semiempirical collisional-radiative model (CRM) that takes into account in detail the kinetics of singlet 
and triplet excited states of hydrogen molecules. Databases are created: 

• collision-radiative characteristics of processes involving hydrogen molecules in triplet and singlet 
states;  

• spectra emitted by the plasma;  
• macro- and micro-parameters of microwave discharges. 
This will make it possible to work out experimental-computational procedures for a spectral 

diagnostics of the hydrogen low-temperature plasma. 
 
 
2. THEORY 
 
In relation to models known from the literature [1−7], the zero-dimensional level-to-level semiempirical 
collisional-radiative model formulated in this section employs an extended kinetic scheme of processes 
and incorporates a greater number of excited atomic levels and molecular states of interest for emission 
spectroscopy and optical actinometry [8−10]. The diagrams of triplet and singlet states levels are shown 
in Fig. 1. The allowed electric dipole transitions ( )1 1 +

2 u gH 2C Π X Σ ,v→ , ( )1 + 1 +
2 u gH 2B Σ X Σ ,v→  and 

( )3 3 +
2 u gH 3d Π 2a Σ→  are used for the optical diagnostics of the degree of dissociation and vibrational 

excitation of hydrogen molecules. The allowed electric dipole transitions ( )1 1
2 g uH 3I Π 2C Π→ , 

( )1 1 +
2 g uH 3I Π 2B Σ→ , ( )1 1 +

2 u gH 3D Π 2EF Σ→ , ( )1 + 1
2 g uH 2EF Σ 2C Π→  and ( )1 + 1 +

2 g uH 2EF Σ 2B Σ→  are used for 
measurements of the translational temperature by emission spectroscopy in ultra violet and visually 
wavelength range. The allowed dipole transitions between electronic states of atomic hydrogen are also 
interesting for practical optical actinometry and high resolution spectroscopy for determination the 
translational temperature and the degree of dissociation of hydrogen molecules. The study of the 
population mechanisms of the upper electronic states of the hydrogen molecules and atoms is practical 
interest for the diagnostics of hydrogen low-temperature plasma. 

In model, one considers simultaneously kinetic processes involving hydrogen molecules in singlet (
1 1 +

σ uN Λ =2B Σ , 1
u2C Π , 1 +

u3B Σ′ , 1
u3D Π , 1 +

u4B Σ′′ , 1
u4D Π′ , 1 +

g2EF Σ , 1
g3I Π , 1 +

g3HH Σ , 1 +
g3GK Σ , 1

g3J Δ , 1 +
g4P Σ , 

1 +
g4O Σ , 1

g4R Π , and 1
g4S Δ ) and triplet ( 3 3 +

σ uN Λ =2b Σ , 3
u2c Π , 3 +

g2a Σ , 3 +
u3e Σ , 3

u3d Π , 3 +
g3h Σ , 3 +

g3g Σ , 3
g3i Π , 

3 +
u4f Σ , 3

u4k Π , 3
g4r Π , and 3

g4s Δ ) electronic states and hydrogen atoms in the ground ( )2
1/21s- S  and 
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metastable ( )2

1/22s- S  states and in ( )2
Jnl- L l=s,p,d....  electron-excited levels under the assumption of 

resolved electron principal quantum numbers n = 2−6, total orbital angular momenta L=S,P,D,F,G , and 
angular momenta J=1/2−2/9. 

Semi-empirical collisional radiative model of low-temperature hydrogen plasma includes 
computational modules to determine electron energy distribution function (EEDF) and concentrations of 
particles in excited states. The following processes are taken into account at the solving equations for the 
isotropic part of the EEDF and for concentrations of the excited particles: 

momentum transfer in the elastic scattering of electrons by 2H  and H  

2 2H +e H +e→ ,   H+e H+e→ ;                                                  (1) 
electron – impact  rotational excitation of the 2H  

( ) ( )1 + 1 +
2 g 2 gH X Σ ,v,J +e H X Σ ,v,J +e′ ′′↔ ,   v=0,J <J ,J =0-12,J =1-13′ ′′ ′ ′′ ;                            (2) 

resonant electron-impact vibrational excitation of the 2H  
( ) ( )1 + 1 +

2 g 2 gH X Σ ,v +e H X Σ ,v +e′↔ ,   v<v ,v=0-13,v =1-14′ ′ ;                               (3) 
electron – impact excitation of the triplet and singlet states of 2H  

( ) ( )1 + 1
2 g 2 σH X Σ ,v +e H N Λ +e→ ,                                                      (4) 

1 1 +
σ uN Λ 2B Σ= , 1

u2C Π , 1
u3D Π , 1 +

u4B Σ′′ , 1
u4D Π′ , 1

g3I Π , 1 +
g3HH Σ , 1 +

g3GK Σ , 1
g3J Δ , 1 +

g4P Σ , 1 +
g4O Σ , 1

g4R Π , 
1

g4S Δ , 

( ) ( )1 + 3
2 g 2 σH X Σ ,v +e H N Λ +e→ ,                                                      (5) 

3 3 +
σ uN Λ =2b Σ , 3

u2c Π , 3 +
g2a Σ , 3 +

u3e Σ , 3
u3d Π , 3 +

g3h Σ , 3 +
g3g Σ , 3

g3i Π , 3 +
u4f Σ , 3

u4k Π , 3
g4r Π , 3

g4s Δ ; 
electron – impact excitation of H  and electron capture by H  

( ) ( )2
1/2H 1s- S +e H Y +e↔ ,                                                          (6) 

2
JY=nl- L , n=2-6 , l=s , p , d , f , g , L=S , P , D , F , G , 

( )2 -
1/2H 1s- S +e H +hν→ ;                                                           (7) 

dissociative electron capture by vibrationally – excited molecules ( )1 +
2 gH X Σ ,v  

( ) ( )1 + - 2
2 g 1/2H X Σ ,v=0-14 +e H +H 1s- S↔ ;                                           (8) 

dissociative ionization of the vibrationally – excited molecules by electron impact 
( ) ( ) ( )1 + + 2 + + 2

2 g 2 g 1/2H X Σ ,v=0-14 +e H X Σ +e+e H +H 1s- S +e+e→ → ,                        (9) 

( ) ( ) ( )1 + + 2 + + 2
2 g 2 u 1/2H X Σ ,v=0-14 +e H B Σ +e+e H +H 1s- S +e+e→ → ;                       (10) 

dissociative excitation of electronic states of 2H  by electron impact 
( ) ( ) ( ) ( )1 + 1 2

2 g 2 σ 1/2H X Σ ,v +e H N Λ +e e+H Y +H 1s- S→ → ,                             (11) 

v=0-14 , 2
1/2Y=2p- P , 2

3/22p- P , 2
3/23d- D , 2

5/23d- D , 2
1/23s- S , 2

1/23p- P , 2
3/23p- P , 2

1/24p- P , 2
3/24p- P , 2

5/24f- F , 
2

7/24f- F , 1 1 +
σ uN Λ 2B Σ= , 1

u2C Π , 1
u3D Π , 1 +

u4B Σ′′ , 1
u4D Π′ , 1

g3I Π , 1 +
g3HH Σ , 1 +

g3GK Σ , 1
g3J Δ , 1 +

g4P Σ , 1 +
g4O Σ , 

1
g4R Π , 1

g4S Δ , 

( ) ( ) ( ) ( )1 + 1 2 2
2 g 2 σ 1/2 1/2H X Σ ,v +e H N Λ +e e+H 2s- S +H 1s- S→ → ,                        (12) 

v=0-14 , 1 1 +
σ uN Λ =3B Σ′ , 1 +

g2EF Σ , 

( ) ( ) ( ) ( )1 + 3 + 2 2
2 g 2 u 1/2 1/2H X Σ ,v=0-14 +e H 3e Σ +e e+H 2s- S +H 1s- S→ → ,                    (13) 

( ) ( ) ( ) ( )1 + 3 + 2 2
2 g 2 u 1/2 1/2H X Σ ,v=0-7 +e H 2b Σ +e e+H 1s- S +H 1s- S→ → ;                     (14) 

      single-quantum VT – and VV – energy exchange between 2H  
( ) ( )1 + 1 +

2 g 2 2 g 2H X Σ ,v+1 +H H X Σ ,v +H↔ ,                                            (15) 
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( ) ( ) ( ) ( )1 + 1 + 1 + 1 +
2 g 2 g 2 g 2 gH X Σ ,v +H X Σ ,w+1 H X Σ ,v+1 +H X Σ ,w↔ ;                            (16) 

     multi-quantum VT energy exchange between ( )1 +
2 gH X Σ ,v  and H  

( ) ( )1 + 1 +
2 g 2 gH X Σ ,v +H H X Σ ,v =v+i +H′↔ ,                                            (17) 

i=1−9; 
radiative decay of the singlet molecular 1

σN Λ  and atomic Y  states into the ground states 
( ) ( )1 1 +

2 σ 2 gH N Λ H X Σ ,v=0-14 hν→ + ,   ( ) ( )2
1/2H Y H 1s- S hν→ + ;                (18) 

radiative decay of the singlet molecular 1,3
σN Λ′  and atomic Y′  states in the electronic states below 

1,3
σN Λ′′  and Y′′  (the cascade radiation processes) 

( ) ( )1,3 1,3
2 σ 2 σH N Λ H N Λ hν′ ′′→ + ,   ( ) ( )H Y H Y hν′ ′′→ + ;                            (19) 

stepwise excitation and de-excitation of molecular 1,3
σN Λ  and atomic Y  states by electron impact 

( ) ( )1,3 1,3
2 σ 2 σH N Λ e H N Λ e′′ ′+ ↔ + ,   ( ) ( )H Y e H Y e′′ ′+ ↔ + ;                             (20) 

dissociation of 2H  through the vibrational continuum (unstable state 3 +
u2b Σ ) due to VT energy 

exchange between atoms and molecules and between molecules 
( ) ( ) ( )1 + 2 2

2 g max 2 2 1/2 1/2H X Σ ,v +H H +H 1s- S +H 1s- S→ ,                                     (21) 

( ) ( ) ( )1 + 2 2
2 g 2 2 1/2 1/2H X Σ ,v +H H +H 1s- S +H 1s- S→ ,                                       (22) 

( ) ( ) ( )1 + 2 2
2 g max 1/2 1/2H X Σ ,v +H H+H 1s- S +H 1s- S→ ,                                      (23) 

( ) ( ) ( )1 + 2 2
2 g 1/2 1/2H X Σ ,v +H H+H 1s- S +H 1s- S→ ;                                        (24) 

dissociation of 2H  through the vibrational continuum (unstable state 3 +
u2b Σ ) due to VV energy 

exchange between molecules 
( ) ( ) ( ) ( ) ( )1 + 1 + 1 + 2 2

2 g max 2 g 2 g 1/2 1/2H X Σ ,v +H X Σ ,v H X Σ ,v-1 +H 1s- S +H 1s- S→ ;                   (25) 

dissociation of 2H  as a result of cascade radiation transitions into an unstable state 3 +
u2b Σ  

( ) ( ) ( ) ( )3 3 + 2 2
2 σ 2 u 1/2 1/2H N Λ H 2b Σ +hν H 1s- S +H 1s- S +hν→ → ,                            (26) 

3 3 +
σ gN Λ =3a Σ , 3 +

g3h Σ , 3 +
g3g Σ , 3

g3i Π , 3
g4r Π .  

An approach is proposed to take into account the processes of particle energy deactivation 
( )1 +

2 gH X Σ ,v +Wall products→ ,                                                    (27)    

( )1,3
2 σH N Λ +Wall products→ ,                                                    (28) 

atom recombination 
( ) ( )2 2

1/2 1/2H 1s- S +H 1s- S +Wall products→ ,                                            (29) 
on the surface of reactors. It is a further development of the equally accessible surface method [11−13]. 

Database collisional-radiative characteristics of the processes are given in [1, 3–5, 14]. The initial data 
in the model for microwave and ECR discharges are taken from [7, 15−18]. 
 
 
3. RESULTS 
 
Figures 2a and 2b illustrate the results of calculations of the concentration time dependence of the atomic 
hydrogen in the ground and metastable states.  

It is established that the processes of dissociation of hydrogen molecules through triplet states by 
electron impact (13) and (14) make a significant contribution to the formation of atomic hydrogen. It is 
important to note that a commensurate contribution is also made by chemical reaction (26) of the decay of 

2H  through the unstable state 3 +
u2b Σ . It is populated by cascade radiation transitions from a number of 

triplet states 3 3 +
σ gN Λ =3a Σ , 3 +

g3h Σ , 3 +
g3g Σ , 3

g3i Π  and 3
g4r Π . 
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Figure 2. Concentration time dependence of the atomic hydrogen: (a) in the metastable ( 2

1/22s- S ) state; (b) in the ground (
2

1/21s- S ) state. The calculations are made for the test conditions given [7, 15−18]. 
 
Figure 3 shows the results of calculations of the concentration time dependence of the atomic 

hydrogen in the electronic excited states. Distribution of atomic hydrogen population among electronic 
levels is different from the Boltzmann distribution. It is due to the competition of dissociative excitation 
of singlet states of the molecule by electron impact (11), direct electron impact from the basic electronic 
state of the hydrogen atom (6) and processes of the radiative decay (18)−(20). 

 

 
Figure 3. Concentration time dependence of the atomic hydrogen in the 
electronic excited states. The calculations are made for the test conditions given 
[7, 15−18]. 
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Abstract. Development of ionization instability in an infinite and bounded plasma slab with a high electron density 
ne (which can be either above or below the critical one nc) supported by a microwave is considered. In the first case, 
the excited electromagnetic field is represented as a sum of surface and leaking waves, in the second, a sum of 
surface and evanescent waves. Separately, field perturbations associated with the continuity of the total current 
flowing through the plasma are identified. The equations, describing the development of instability, are obtained. 
Instability areas are determined and its increments are found. For a bounded plasma, the nonlinear stage of 
instability development is described using a model equation. 

 
 
 
1. INTRODUCTION 
 
The paper deals with the ionization instability in radio frequency (RF) and microwave gas discharges with a 
high electron density in infinite and spatially bounded plasma slabs. Experimentally the spatial structures 
formation associated with this type of instability was discovered many years ago [1, 2]. Their formation in 
dc discharges [3] and in semiconductor plasma [4] was studying for many years, and a number of interest-
ing results in this field were obtained. However, theoretical description of the development and stabilization 
of instability in HF and microwave plasma was absent until last years. In the article [5], the continuity con-
dition of the total current was used to calculate the electromagnetic field, which does not allow to evaluate 
the role of the plasma's eigen waves in the development of instability; in [6] the field related to the continui-
ty of the total current was not explicitly identified. Thus, the transition from resonant mode, taking into ac-
count Eigen mode excitation, to nonresonant mode of instability was not studied. 

 
Figure 1. Discharge geometry. Plasma filled glass discharge 
tube, placed into rectangular waveguide. 2a – 72 mm, 2L – 34 
mm. The incident microwave, supported the discharge, guided 
to the tube from the left. 

In this paper, disturbances associated with the 
continuity of the total current (generally used in 
the theoretical description) and with the excitation 
of electromagnetic waves (surface and evanescent 
waves for bounded plasma column and surface 
and leaking waves for an infinite) are separated in 
the field excited during the instability develop-
ment. The calculations, made in the theoretical 
model, were verified in experimental setup, which 
is shown in Fig. 1. The discharge was created in 
dielectric tube, placed in a rectangular waveguide 
72×34 mm2. The setup made it possible to meas-
ure the incident on the discharge, reflected from 
the discharge and transmitted power, the electron 
density, using an 8 mm interferometer, and the 
field near the discharge, using microwave probes 
introduced into the waveguide. 
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А)                B)              C)               D)               E)              F) 

Figure 2. An example of structures realized in microwave when the instability takes place. Xenon, pressure is 0.1 Torr, tube 
radius – 1 cm, microwave frequency 3.2 GHz. Incident wave power is: A) – 140 W, B) – 9 W (discharges in state I), C) – 17 
W, D) – 9 W, E) – 6.5 W, F) – 4.5 W (discharges in state II, Figs. 4–5). 
 

 
Figure 3. Minimum power needed to maintain the discharge 
Wmin as a function on the gas pressure in helium, neon, argon, 
krypton and xenon for a microwave discharge in a waveguide. 
Points – experiment in a tube with a radius of 0.6 cm, solid 
curves – calculation in the homogeneous column model (V. Dov-
zhenko), dashed dotted curve – calculation taking into account 
ionization instability [7], triangles – experiment [8]. 

Calculations have shown that, in bounded 
plasma, in addition to a violation of the plasma 
homogeneity, observed in the experiment (Fig. 
2), the development of instability leads to a par-
tial transfer of energy from a plane wave to the 
surface wave. The total electric field in the dis-
charge exceeds the field of the incident wave, 
ensuring that the integral balance of the number 
of particles is satisfied, and a hysteresis is ob-
served in the dependence of the plasma parame-
ters on the microwave power [7, 8]. This effect 
also causes an increase in electromagnetic field 
absorption. Thus, a significant decrease in the 
power, which is necessary to maintain the dis-
charge (Fig. 3), take place. In an infinite plasma 
column, the instability will be convective, and 
the instability increment will depend on the cor-
relation of ionization rate and the group velocity 
of the electromagnetic wave, as well as on the 
attenuation coefficient of the excited wave. 

 
 

2. SYSTEM OF EQUATIONS  
 

Discharge will be described by the system of balance equations for electron density ne and their tempera-
ture Te, averaged over the tube cross section  
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Here, Dα=μίkBΤe/e is an ambipolar diffusion coefficient, μi is ionic mobility; k is an electronic heat diffu-
sion coefficient, Λ=R/2,405 is the transverse diffusion length; n is the effective frequency of electron-

atom collision, ( )∑ −=
k

keBekek TTkw νδ
2
3

1  is average energy, lost by electrons per one second, kB is 

Boltzmann’s constant, nek and δek are the frequency of electrons collision and average part of energy, lost 
by electrons at one collision with heavy particles of the type k; e, m are charge and mass of electron, Tk is 
temperature of particles of sort k; k0=ω/c, ω are field frequency, c is the light velocity. Sign < > denotes 
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averaging over the tube cross section. Since the focus of our investigation is on the electrodynamic char-
acteristics of discharge, here we will use the most simple kinetics model. For a bounded plasma column at 
the points z=–L, L, the conditions for the zero tangential component of the electric field, and for r→∞, 
nonreflecting Sommerfeld boundary condition were set. For the electron density at z=–L, L, Neumann 
model boundary conditions were used.  

 
3. MATHEMATICAL MODEL FOR FINITE SYSTEM  
The solution of the system of equations (1) – (3) is assumed to be 
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where the homogeneous along the 0Z axis components and periodic perturbations arising due to instabil-
ity are clearly marked. In accordance with equation (2), components related to the excitation of an elec-
tromagnetic wave ( )( ) [ ]1

1 0iδ ωε ε ω δ
−

= ∇×E H  and the conservation of the total current ( )( ) 1
1 0δ ε ω δε

−
= −E E  

were distinguished in the electric field for disturbances. The solution satisfies the equations for the vol-
ume-average density and temperature of electrons 
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and field perturbations 
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as well as the equation for the instability increment 
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Here ∆ is a phenomenological parameter, closed to unity, reflecting the fact that the amplitude of density 
perturbation cannot exceed the average density. neS is the amplitude of the electron density perturbation 
with the wave number hS. In the absence of surface wave excitation, the last equation allows calculating 
the instability increment for a uniform plasma density distribution, and together with (5) – (7), determine 
plasma parameters in the absence of instability, as well as in the plasma state, established after instability 
stabilization. 
 
 
4. STATIONARY SOLUTION AND COMPARISON WITH EXPERIMENT 
 
The calculation shows that possibility of instability development is determined by the phase shift between 
the surface wave field and waveguide H10 field, supporting the plasma (see (7)). If this shift is less than 
π/2 in the space where the electron density disturbances are positive, the instability will take place. The 
strongest influence of this type of instability on the power characteristics of the discharge will be ob-
served at relatively low pressures  n/w<<1, but the instability cannot be suppressed by transfer processes. 
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The parameters of the plasma calculated in the steady state using the system of equations (5) – (8) are 
shown in Fig. 4. The theory correctly describes the regions of electron density, at which instability is ob-
served, and gives values close to experiment for the power, supporting the discharge. Direct measurement 
of the phase shift between z-component of electric field at the ends of the discharge tube, using electric 
probes, shows that the amplitude of the surface wave can exceed the amplitude of the pump wave, since 
for a surface wave the discharge is a high-Q resonator. This process leads to a hysteresis of the power 
characteristics and a decrease in the power range at which the discharge can be maintained in the low 
pressure region (Fig. 3). 

 
Figure 4. Dependence of electron density ne/nc on incident 
power (1 is experiment, 2 is theory). 

 
Figure 5. Phase shift between the signals (∆Φ) from UHF 
capacitive probes, placed at the upper and lower ends of the 
discharge tube as a function of the incident power. 

 
 
5. IONIZATION INSTABILITY IN INFINITE PLASMA SLAB 
 

 
Figure 6. Scattering of the pump wave on the plasma slab. 

As was shown in the previous paragraphs, the ion-
ization instability, associated with appearing of a 
surface wave, is easily excited in limited systems. 
This process can disrupt the uniform density dis-
tribution of the charged particles and qualitatively 
changes the electron density dependencies on the 
power of the wave, supporting plasma. Therefore, 
the studying of similar instabilities appearance in 
infinite plasma column is actual. We suppose that 
the plasma slab is maintained by an electromag-
netic wave incident on it at angle β0 (Fig. 6). The 
plasma was described by the same system of equa-
tions (1) – (3). The conditions of non-reflection 
for the electromagnetic wave from infinity were  

set. Consider the behavior of an arbitrary perturbation of the plasma density that occurred at time t=0. Us-
ing Laplace transform in time and the Fourier transform in space [9] means that perturbations of the den-
sity and temperature of the electrons and the electromagnetic field can be written as 
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Here ( )1E+  and ( )1E−  are amplitudes of anti-Stokes (with a total frequency w+Ω) wave and Stokes (with a 
differential frequency w–Ω) waves. Long calculations lead to a dispersion equation that takes into ac-
count surface and leaking wave excitation. Leaving in the resulting expression only surface waves, we get 
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and С1+, С1–, С2+. С2– – normalization coefficients: 
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The dispersion expression describes negative feedback related to the conservation of the total current (the 
corresponding term is in square brackets in the left side of the equation), as well as resonant terms in right 
side, containing the terms in the denominator responsible for excitation of Stokes or anti-Stokes waves. 
The analysis shows, that one of the excited waves under certain conditions may be amplified due to ioni-
zation instability. Due to the fact that the ionization frequency is much less than the frequency of the 
wave, the spatial amplification factor turns out to be very small. However, when the plasma slab is placed 
in a resonator, the system may become unstable, as it was obtained above. One can qualitatively investi-
gate the behavior of instability by using model equations. We can write such a system of equations, for 
example, as  

( )
2

1 1
0 12

n nD
t x

µ δ∗∂ ∂
− =

∂ ∂
E E , ( ) ( )2 1 0 1 0i n E V i iVk E

t x
ω∂ ∂ − Μ + + + − + + Γ = ∂ ∂ 

.
 

(10) 

The first equation describes the change in plasma density due to diffusion and additional ionization in the 
region of space, where the field of the pump wave and the scattered wave are in phase. The second 
equation can also be written as 

( ) ( )0 2 1 0V i k h E i n E
t x +

∂ ∂ + + − + Γ = Μ ∂ ∂ 
 

and describes the excitation of a scattered wave with a wavenumber 0h V kω= −  (w is the frequency of 
the pump wave, k is the projection of its wave number onto the plane of the plasma slab, V is the group 
velocity of the scattered wave) due to the resulting electron density perturbations. µ and Μ2 are constants 
that describe ionization interaction. Dispersion equation corresponding to the system (10) has the form 

( )( ) ( )2
1 0 0 2 0 0sin 0n Gi n Dh i iV H k iβ µ ∗

+− Ω + + G − Ω + + + G − Μ =E E . 
It can be analyzed using the technique given in [9]. The analysis shows that under certain conditions the 
ionization interaction can lead to convective instability. 
 
 
6. CONCLUSIONS 
 
The development of ionization instability in infinite and bounded plasma slabs with a high electron densi-
ty ne is considered.  

In a spatially bounded plasma, instability develops, when the excited eigenmode of the plasma is in 
phase with the pump wave at points, where the electron density disturbances are positive. 
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In infinite plasma slab, when propagation direction of microwave, supporting discharge, is perpendicu-
lar to the plasma, the Stokes and anti-Stokes waves are excited simultaneously. In case of oblique fall in, 
the electron density fluctuations with a wavelength Λ=2π/K, can lead to excitation of the Stokes wave or 
to excitation of anti-Stokes one only. 

In the approximate interaction model, the distribution of electron density and temperature over the 
width of the plasma slab is assumed to be homogeneous. In the absence of ionization nonlinearity, the so-
lution of the diffusion and heat transfer equations for an isotropic plasma and Maxwell's equations for an 
electromagnetic field gives us two diffusion-heat-conduction modes describing the damping of perturba-
tions in space and electrodynamic modes involving a surface wave (for ne> 2nc) and the leaking waves. 
When ionization nonlinearity is taken into account, the transfer of pump wave energy to the Stokes and 
anti-Stokes waves changes the effective coefficient of wave attenuation, and under certain conditions, 
leads to their amplification (convective instability). 

The proposed calculation method also makes it possible to consider the instability in a plasma slab lim-
ited in longitudinal direction, with allowance for the reflection of waves from the ends of the plasma. In 
this case, the range of parameters, under which absolute instability is observed, expands, since feedback is 
activated due to the backward wave, reflected from plasma boundary.  

Resonant ionization field instabilities can be observed in a low-pressure plasma in all cases when at 
least two types of electromagnetic waves supporting discharge exist under given conditions, for example, 
a plane wave incident from outside and a surface wave. Therefore, the appearance of instability in RF dis-
charges in technological installations containing a large-sized plasma is possible due to the interaction of 
even and odd surface waves propagating along the plasma-metal boundary [10]. 

The calculations performed are consistent with experiments carried out in a discharge in a microwave 
discharge in a waveguide, in which the characteristics of the plasma and the structure of the electromag-
netic field were measured. The results obtained are important in explaining the characteristics of low-
frequency RF and microwave discharges, including discharges in a magnetic field, and for the develop-
ment of technological installations containing large-sized plasma supported by a radio frequency and mi-
crowave field. 
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Abstract. Three different models of the microwave discharge in liquid n-heptane and results of correspondent 
simulations are presented. A simplified 2D model describes the dynamic processes of boiling of the liquid n-
heptane, heat transfer mechanisms and forming of the near-electrode gas bubbles filled with plasma. Main accent of 
the work is made on a 0D model of time dependent processes, occurring inside the plasma bubble. The model 
includes both the description of gas phase processes and formation of solid carbon-containing particles at 
atmospheric pressure. The linear and planar PAH growth mechanisms of generation of solid particles are 
considered. Both of them describe simultaneous processes of the initial n-heptane pyrolysis and nucleation, surface 
growth and coagulation of soot particles. A 1D model with shortened set of gas phase reactions describes the 
evolution processes of ionization, heat transfer and formation of gas and solid products inside the plasma bubble. 
The results of calculations are compared with known experimental results.  

1. INTRODUCTION 
 
Plasmas inside liquids are one of the perspective objects for study and application. Currently the 
discharges are created in various dielectric fluids, including hydrocarbons, and the aim is to obtain 
various useful products (hydrogen, nanoparticles, nanotubes), coatings, removal of the photo resist, etc. 
When the plasma is located inside the liquid, the efficiency of physical and chemical processes under the 
action of its active particles and radiation is large. The appropriate rates of formation and decomposition 
of products are quite high. Different types of discharges are used to create plasma. The interest in 
microwave discharges is caused primarily by the fact that the microwave technique allows to provide 
localization of areas of high field strength by simple methods and, therefore, obtaining discharges of low 
input power. For this purpose metal electromagnetic antennas (vibrators) of various shapes are used. 

Microwave discharges in liquid hydrocarbons are described in n-dodecane [1], in benzene, 
commercially available cooking oil, engine oil, waste cooking oil and waste engine oil [2], in silicone oil 
[3] and in alcohol [4].  

The experiments in liquid n-heptane are carried out on the installation described in detail in [5, 6] and 
schematically depicted in Fig. 1. It includes the microwave generator, waveguide-coaxial junction and a 
movable short-circuiting piston, used for matching. The central conductor serves as an antenna for 
entering microwave energy into the discharge section. The central electrode of the coaxial line is made of  

 

 

 

 

Figure 1. Sketch of the experimental set up. 1 - microwave generator, 2 – 
antenna, 3 - dielectric, 4 – shorting plunger, 5 – liquid hydrocarbon, 6 – 
discharge region, 7 – quartz reactor, 8 – exit to chromatograph. 

 Figure 2. Photo of a discharge in 
n-heptane. 

copper tube with an outer diameter of 3 mm. A discharge is sustained at 100 watts of input power. The 
discharge burns at the tip of antenna inside a quartz glass (diameter 55 mm) (Fig. 2). The volume of liquid 
in the cuvette is about 40 ml. The pressure above the liquid surface is atmospheric. The content of gas 
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products, originated due to pyrolysis of n-heptane in the microwave discharge, is determined by the gas 
chromatography. 

Solid carbonaceous particles are one of the main products of microwave discharges in liquid 
hydrocarbons and consist principally of amorphous carbon (soot). In the analysis of electronic 
microphotographs of the soot samples obtained under different conditions, it was found that it consists 
mainly of spherical or almost spherical particles of 20–40 nm size containing about 106 carbon atoms. 
These ‘elementary soot particles’ are combined into chains of various shapes and other complex 
structures. The minimum soot particle size is about 1.5–2 nm and contains 30-100 carbon atoms. 

The main contribution to the increase in soot particle mass is made by surface growth with the 
participation of gas phase molecules, among which acetylene has determining influence [7, 8]. 
Participation of the polyaromatic hydrocarbons (PAHs) in this process, including PAH radicals, remains a 
subject of discussion [7, 8]. The surface growth of the soot particle is a heterogeneous process, in which 
adsorption and desorption processes of molecules from the gas phase on the surface of the particles 
should be considered, 

Our 2D model [9, 10] has been developed on the base of a simplified brutto mechanism for the 
dissociation of n-heptane. We have studied the dynamics of the gas plasma bubbles originated in the 
vicinity of the antenna inside liquid n-heptane. It is shown that the gas temperature inside plasma bubble 
is about 1500K. In our 0D model we have developed a mechanism that allows to associate the gas-phase 
kinetics with the kinetics of the formation of solid particles. Finally in our 1D model we combine electro 
dynamic and heat conducting processes with simplified kinetics of gas phase and solid n-heptane 
dissociation products. 

2. 2D MODEL. PROBLEM FORMULATION AND MAIN RESULTS 
 
In 2D model we make the following assumptions: 
 Gas bubbles are created by evaporation of liquid into the bubble. 
 In plasma formed inside the bubble, the main ion is C7H16

+. 
 Heating of the bubble is due to Joule heating of plasma electrons. 
 Cooling of the bubble is due to energy transfer to ambient liquid for evaporation and endothermic 

pyrolysis of n-heptane.  
 The size and shape of the bubbles is determined by the surface tension and the sum of the pressure 

forces. 
 Lifting of the bubble is determined by the Archimedean force and viscosity. 
 The initial temperature of the liquid and gas phase is equal to the boiling point. 
 A small bubble of evaporated gas of atmospheric pressure is set inside the near-electrode cavity.  

Here we note that the model contains only a simplified brutto mechanism for the dissociation of n-
heptane, though detailed kinetics of gas products and solid soot particles is absent. 

The code is based on joint solution of the Maxwell equations, Navier–Stokes equation, heat equation, 
continuity equations for electrons (written in the ambipolar diffusion approximation) and the n-heptane 
concentration (including its thermal decomposition and dissociation by electron impact) and the 
Boltzmann equation for free electrons of the plasma. 

The results of the simulations allowed to found out the following: 
 Boiling process depends on the input power. There is a certain range of input power, when there is a 

regime of periodic formation of bubbles and their further rise (Fig. 3).  
 The plasma burns only inside the cavity, in close proximity to the central electrode. When a bubble 

floats up, plasma disappears inside it. This is due to the fact that the microwave field is concentrated 
near the end of the central electrode and falls very sharply outside it (Fig. 4). At a power > 500 W, 
the microwave field at the electrode end reaches 10 kV/cm. The temperature in this area is about 
1500 - 1700 K, which is in good agreement with our experimental data. 

 As the bubble rises, it cools very quickly due to energy transfer to ambient boiling liquid needed for 
its evaporation. So temperature of the rising bubble very soon becomes approximately equal to the 
boiling point. 
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 For times less than 10-3 with the dissociation of n-heptane occurs under the action of electron impact, 

and then is dominated by thermal dissociation.  
 

 

 

 

 

Figure 3. Bubble formation at times: 0.01, 0.03, 0.06, 
0.09, 0.11, 0.12 sec. 2D simulation. P=110W.  

 Figure 4. Axial profiles of gas phase, gas temperature and 
microwave field at t = 0.01 sec. 2D simulation. P = 500W. 

3. 0D MODEL  
 
It was shown in 2D simulations that the electron impact affects the dissociation of n-heptane only during 
a short time period (<10−3 sec), when the gas temperature is below 1000 K. Over the longer time periods 
n-heptane is dissociated thermally. According to modern views, the soot formation includes the stages: 
decomposition of the starting hydrocarbon into a variety of radicals and stable molecules, the formation 
of molecular precursors of the soot from these fragments, surface growth and coagulation of precursors. 

The mechanism for n-heptane pyrolysis is published previously in [11, 12]. Acetylene is the most 
important in the formation of soot particles. For the description of pyrolysis of acetylene, we used a 
mechanism published by Wang and Frenklach in [13].  

It is currently believed that the formation of precursors of soot particles (nuclei) comes from 
polyaromatic hydrocarbons (PAH) in reactions with acetylene and other hydrocarbons. According to the 
well-known HACA mechanism (an acronym for “H-abstraction-C2H2-addition”), the growth of molecules 
occurs when the sequence of two stages is repeated: detachment of the H-atom from the molecule of PAH 
due to collision with other H-atom and addition of the molecule C2H2 from the gas phase to the vacant 
site. 

3.1. Nucleation. The linear and planar mechanisms of the molecular precursor size growth are shown in 
Figs. 5 and 6. In our linear model, we followed the growth mechanism of precursors (Fig. 5) offered in 
[14]. In this mechanism, two molecules of acetylene compose a new ring in two stages (R1-R2), 
described by the overall reaction (R3). Here we denote the line-structured molecule consisted of i PAH 
rings by Ai symbol. Reaction (R3) is used further in the surface growth mechanism of solid particles. 

 
Figure 5. Two-stage linear mechanism (R1)-(R2) for molecular precursor size growth [14] 

 
Figure 6. Planar mechanism for molecular precursor size growth via the HACA reaction sequence. Reactions (R4)–(R7) 
represent a two-stage composing of the first aromatic ring affiliated to pyrene and reaction (R9) represents a one-stage ring-
closure of an armchair bay. 
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For our planar PAH growth model we developed the following chemical growth of soot precursors 
(Fig. 6) via the HACA reaction sequence (R4-R10) with an appropriate brutto reaction (R11). We denote 
the plane-structured molecule consisted of i PAH rings by Pi symbol. 

The kinetic scheme for the n-heptane and acetylene pyrolysis is supplemented by appropriate gas 
phase reactions of the two-stage mechanism (R1) and (R2) for each of A2–A8 molecules in the linear 
model. For the planar model the appropriate gas phase reactions of the three-stage mechanism (R4)–(R10) 
for each of P2–P8 molecules are added. 

The mechanism of the molecular precursor size growth is shown in Fig. 7.We assume that A8 and P8 
are no longer gas molecules, but solid precursors, which from now enlarge their sizes by participating in 
the surface growth and coagulation processes. 
  Figure 7. Linear (A2–A8) and planar (P2–P8) mechanisms 

for molecular precursor size growth of soot precursors. The 
symbol Fi is used in both models, where index i gives a 
number N of benzene rings in the molecule: N = 2i. Single 
and double arrows correspond to one-stage and two-stage 
processes. 

 
Figure 8. Planar mechanism for the surface growth of a 
solid soot particle. Two 8-ring plates are growing at 
different angles to the initial plane precursor via the HACA 
reaction sequence, forming a 3D solid molecule. Sk and Sk+1 
are the surface areas of a molecule with one and two 
attached 8-ring plates. 

 
Figure 9. Coagulation scheme of solid molecules of 
different number PAH rings and plates. 

3.2. Surface growth and coagulation of new-phase particles. The surface of the soot particle is 
considered as the edge of a large PAH molecule covered with C–H bonds. This assumption determines 
the nature of the active centers, which interact with acetylene molecules from the gas phase, and makes it 
possible to calculate the growth rate of the particle surface (Fig. 8). 

We describe [14, 15] the size growth of molecules, which consist of large number of aromatic rings by 
a partial differential equation   ∂ f (x, t)

∂t
=− ∂

∂x
�K''(x) nA(t) f (x,t)�, where x is the number of aromatic rings in a 

particle; f(x,t) is the nonstationary size distribution function of soot particles; nA(t) is the concentration of 
acetylene; K''(x) =  𝐾ℎ𝑒𝑒(𝑥)  ·  𝑆(𝑥)  is rate constant for heterogeneous regime; Khet(x) is the rate constant for 
acetylene decay on the nucleus surface S(x). Since the soot size range is wide enough, we choose the 
average size x of groups to be equal to 2m and hence have: 𝑓(𝑥, 𝑡) → F(𝑚, 𝑡), m = 4, 5, …, N, where N is 
the number of the group with the largest size. Choosing N = 20 we can describe the change in particle 
concentration for systems containing up to 220 aromatic rings, or about 4 × 106 carbon atoms, i.e. to 
account for practically the whole size range of soot particles. A single rate expression for the planar 
growth process is: Khet(x) = K2K1∙[H]

K-1∙[H2] + K2∙[C2H2] , where K1, K−1 correspond to direct and inverse rate 

coefficients of reaction (R4), K2 is a recalculated direct rate coefficient of reaction (R5).  
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The coagulation process describes the coalescence of two soot particles with different number of rings 
(Fig. 9). The coagulation terms in the mass balance equation for groups Fi of particle sizes 2i are: 
�Vr

dFi
dt
�

co
=   Vr∙ 0.5∙Ki-1,i-1∙Fi-1

2  +  Vr∙ 0.75∙Ki-1,i-2∙Fi-1∙Fi-2 + Vr∙Fi∙∑ Ami
i-2
m=N' ∙Kmi∙Fm  −  Vr∙Fi∙∑ ψ20

m=i-1 ∙Kmi∙Fm  . 

The first generation term is due to the coalescence of two soot particles with i-1 rings: Fi-1+ Fi-1 → Fi, the 
second term corresponds to the process: Fi-1+ Fi-2 → Fi, the third term describes the coalescence of all 
soot particles with numbers of rings in range m = N', ⋯ , i-2: FN' + ⋯ + Fi-2 → Fi , the forth term is the 
loss of Fi particle in all coalescence processes. Details can be found in [15]. 
3.3. System of equations. A full set of balance equations for each component of the gas phase and solid 
products has been solved numerically. The kinetic simulations have been implemented using COMSOL 
Multiphysics - Reaction Engineering Laboratory [16]. The processes take place inside a spherical bubble, 
which is regarded as a continuous stirred tank reactor (CSTR) of constant pressure and volume with 
continuous input of gaseous n-heptane, which evaporates into the bubble from the external liquid.  

3.4. Results of 0D model. The simulation results (Figs. 10, 11) are compared with known experimental 
data (Tab.1).  
Table 1. Contents of main gas products generated in microwave plasma in liquid n-heptane. Chromatography data.  

H2 [vol.%] C2H2 [vol.%] C2H4 [vol.%] CH4 [vol.%] 

71 18 8 3 

It is concluded that the planar PAH growth model is better in describing the experimental results. 
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 Figure 10. Evolution of gas phase products for the 

linear and planar models. Pyrolysis of n-heptane at T 
= 1500 K, p = 1 atm. 0D simulation. 

Figure 11. Evolution of solid products for the linear and 
planar models. Concentrations of soot particles Fi: 1—F4; 
2—F8; 3—F12; 4—F16; 5—F20. The same 0D simulation. 

4. 1D MODEL: PROBLEM FORMULATION AND MAIN RESULTS 
 
The code is based on joint solution of the heat conduction equation, the balance equation for the electron 
density in a singly ionized plasma, the Boltzmann equation for free electrons of the plasma, the balance 
equations for the weight fraction for all gas and solid products of n-heptane pyrolysis (with shortened 
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kinetics for gas particles and the planar PAH growth mechanism for solids) and a simplified equation for 
the microwave field (i.e. a field in a spherical capacitor filled with plasma). In Fig. 12 the radial profiles 
of physical parameters inside the plasma bubble are shown for two typical times. 

   

   
Figure 12. 1D simulation. Intermediate (t1=0.001 sec) and stationary (t2=0.006 sec) radial profiles of physical parameters 
inside the plasma bubble. From left to right top to bottom: E – microwave field; T – gas temperature; F3, F8, F14, F20 – soot 
particles with different number of aromatic rings; Ne – electron density; mass fraction of n-heptane; mole fractions of gas 
products H2, C2H2, C2H4, CH4. 

The results of the simulations are the following: 
 Shortened kinetic scheme gives a good match with the full scheme. 
 The average temperature inside the bubble is about 2100 K, and is close to the measured value. 
 The one-dimensional model made it possible to combine hydrodynamic calculations of the two-

dimensional model and detailed kinetics of the zero-dimensional model taking into account the solid 
phase. This allowed us to obtain a good agreement on the experimental values of T, E and the relative 
content of the decomposition products. 
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Abstract. Study of kinetics of the singlet and triplet states population of hydrogen molecule is directly connected 
with the justification of diagnostics of nonequilibrium plasma by the method of optical emission spectroscopy and 
optical actinometry. We briefly consider the approach to development of the zero-dimension hydrogen collision-
radiative model, which in addition to kinetic models of vibrational states population kinetics of hydrogen molecule 
takes into account singlet and triplet excited states, and electron states of hydrogen atom. The model is based on the 
analysis of a large number of known experimental data which, among other things, are used to verify the model. The 
model is used for investigating the possibility of using emission of triplet hydrogen states for diagnostics of 
nonequilibrium DC discharges, microwave discharges, and ECR discharge. In particular, the limitations are shown 
on the applicability of the simplified coronal plasma model for the diagnostics of these discharges by the frequently 
used emission of the Fulcher system bands. 
 
 
 

1. INTRODUCTION 
 
The study of molecular spectra in nonequilibrium hydrogen plasma allows obtaining information on the 
plasma parameters (degree of the molecule dissociation, the gas (translational) temperature gT , the 
electric (reduced) field amplitude E  ( E/N ), the vibrational distribution function (VDF) of molecules in 
the ground electronic state, the electron number density eN  and temperature eT  et. al.) using known 
collisionally-radiative characteristics of molecules (factors of the Franck-Condon, cross sections et. al.) in 
simplified coronal model [1−4].  

 

Figure 1. Schematic diagram of the zero-dimensional level-to-level semi-empirical collisional-radiative model. 

It is based on the assumption that the radiating state is excited by electron impact from the ground 
state, and that is deactivated by radiation. The presence of additional collisional-radiative secondary 
processes that determine the excitation and deactivation of the emitting states of the molecule leads to the 
failure of this assumption renders impossible the use of a simplified coronal model. In general, problem 
of identification and analysis of the secondary processes in the mechanisms of the electronic state 
molecule excitation remains poorly understood. 
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Table. Comparison of the calculated  and measured  values of the vibrational temperature. 
DCGD is the direct-current glow discharge, RFD is a radio-frequency discharge, TECMFD is a thermal-emission 
cathode in a magnetic field, MD is a microwave discharge, HCD is a hollow-cathode discharge, PGD is a pulsed 
glow discharge, ECRD is a electron cyclotron resonance discharge. 

Discharge;         (Torr);  (сm-3);   (K);       (K)  (K) References 
DCGD              15           1.5×1010    600(±50)     1800-2300 (±50) 1800 - 2600 [5] 
DCGD              0.9          3.7×109     530 1100 [6] 
DCGD              0.3          5.3×109     410 1600 [7] 
DCGD              0.3          1.2×1010    360 1500 [8] 
DCGD              2.5          6.5×1010    550 3000 [9] 
RFD                 2.0          1010 – 1012  330(±20) <2000 [10, 11] 
RFD                 1.5          1010 – 1012  540(±120)    3400 (±540) 3100 [12, 11] 
RFD                 8.0          1010 – 1012  750(±50)      2700 (±420) 2700 [12, 11] 
TECMFD         2×10-2     1011            370(±50)      1600 (±100) 1700 [13−15] 
TECMFD         3×10-2     5.7×1011     470(±50)      1780 (±100) 1800 [16−18] 
MD                  19            9.3×1011     2150             2350 (±400) 2700 [19, 20] 
MD                  1.0           1011            550 3000 [1, 2] 
MD                  8.0           1011            800 3400 [1, 2] 
HCD                 0.1           5.4×1010    410(±50)       2400 (±100) 2400 [21] 
PGD                 760          1014            310 3580 [22] 
ECRD              2×10-3      1.6×1010     550(±100)     3050 (±550) 2600 [3, 23−26] 
ECRD              9.6×10-3   3.1×1010     400 3000 [23−26] 
ECRD              2×10-3      5.9×1010     400 1750 [23−26] 

 
A detailed discussion on the self-consistent collisional-radiative models nonequilibrium hydrogen 

plasma in the zero approximation is presented in [4]. In the majority of the studies devoted to the 
development of the zero-dimensional plasma models, the analysis is restricted to considering collisional-
radiative processes involving ( )1 +

2 gH X Σ ,v=0-14 , hydrogen atoms in the 2
1/21s- S  ground state and in excited 

states, electrons, and negatively and positively charged atomic ions and molecular compounds. For a 
number of the electron-excited states, the kinetics of processes involving them is taken into account only 
in solving the kinetic transport equation for electrons. They are not considered in solving the balance 
equations for the concentrations of the excited particles. From the above survey of models, it follows that 
the description of the kinetics of processes proceeding in the hydrogen plasma becomes ever more 
detailed, but these processes involving hydrogen molecules in triplet and singlet electron states have not 
yet received adequate study. 

The paper is dedicated to the development of the semi-empirical collisional-radiative model of 
hydrogen low temperature plasma for processing and interpreting the results of absorption and emission 
spectroscopy, and optical actinometry. This problem is solved by modeling the processes of excitation and 
deactivation of the singlet and triplet states of hydrogen molecules in DC glow, microwave and an 
electron cyclotron resonance (ECR) discharges. The limitations are investigated on the applicability of the 
simplified coronal plasma model for the diagnostics of these discharges by the frequently used emission 
of the Fulcher system bands. 
 
 
2. THEORY 
 
In relation to models known from the literature [4], the zero-dimensional level-to-level semi-empirical 
collisional-radiative model formulated in this section employs an extended kinetic scheme of processes 
and incorporates a greater number of excited atomic levels and molecular states of interest for emission 
spectroscopy. 

In model, one considers  simultaneously  kinetic  processes  involving  hydrogen  molecules  in singlet 
( 1 1 +

σ uN Λ =2B Σ , 1
u2C Π , 1 +

u3B Σ′ , 1
u3D Π , 1 +

u4B Σ′′ , 1
u4D Π′ , 1 +

g2EF Σ , 1
g3I Π , 1 +

g3HH Σ , 1 +
g3GK Σ , 1

g3J Δ , 1 +
g4P Σ , 

( )th 1 +
v gT X Σ ( )e 1 +

v gT X Σ

p eN gT ( )e 1 +
v gT X Σ ( )th 1 +

v gT X Σ
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1 +
g4O Σ , 1

g4R Π , and 1
g4S Δ ) and triplet ( 3 3 +

σ uN Λ =2b Σ , 3
u2c Π , 3 +

g2a Σ , 3 +
u3e Σ , 3

u3d Π , 3 +
g3h Σ , 3 +

g3g Σ , 3
g3i Π , 

3 +
u4f Σ , 3

u4k Π , 3
g4r Π , and 3

g4s Δ ) electronic states and hydrogen atoms in the ground ( )2
1/21s- S  and 

metastable ( )2
1/22s- S  states and in ( )2

Jnl- L l=s,p,d....  electron-excited levels under the assumption of 
resolved electron principal quantum numbers n=2−6, total orbital angular momenta L=S,P,D,F,G , and 
angular momenta J=1/2-2/9 . 

 

Figure 2. Results of calculating (curves) and measuring (symbols) the VDF of the hydrogen molecule in the ground state at 
different instants (1−4 from 10-19 to 10-9 s, 5 – 10-7, 6 – 10-6, 7 – 10-5, 8 – 3×10-5, 9 – 6×10-5 s, 10−13 for Dτ = 9×10-5 – 2×10-4 
s) for the experimental conditions [13−15] (see Table): (a) − conventional kinetic scheme of the hydrogen molecule vibrational 
excitation through singlet states; (b) – this study. 

 

 

Figure 3. Results of calculating (curves) and measuring (symbols) the VDF of the hydrogen molecule in the ground state at 
different instants (1 – 10-19 s, 2 – 10-13, 3 – 10-11, 4 – 10-9, 5 – 10-7, 6 – 10-6, 7 – 3×10-3 s, 8−13 for Dτ = 5×10-3 – 0.4 s) for the 
experimental conditions [5] (see Table): (a) − conventional kinetic scheme of the hydrogen molecule vibrational excitation 
through singlet states; (b) – this study. 

 
The schematic diagram of the model is illustrated in Fig. 1. This model is semi-empirical, and its 

implementation requires knowing experimental data on plasma parameters (gas pressure p  and 
temperature gT , electric-field strength, electron concentration, and electron energy distribution function 
(EEDF) in a number of cases). The experimental databases are used to test and to develop the model. In 
particular, the calculation and processing of coherent anti-Stokes scattering spectra and spectra of 
radiation from hydrogen plasma are used to determine the translational and rotational temperatures, the 
distributions with respect to rotational and vibrational levels of hydrogen molecules both in the 1 +

gX Σ  
ground state and in excited states, and the distribution of atoms with respect to energy levels.  

The rate constant for relevant processes and their cross sections were set to values chosen based on an 
analysis of a vast amount of data from computations and experimental data. In model, the approaches that 
are discussed in [4] are used to determine EEDF and its basic moments, concentrations of particles in 
excited states, and a self-consistent set of level cross sections and rate constants for the processes being 
considered. 
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Figure 4. The schemes of the dipole-allowed transitions between the hydrogen molecule triplet states in the different 
discharges (see table): (a) – DCGD; (b) – MD; (c) – ECRD. 

 
The importance of processes that lead to the population of emitting atomic levels and molecular states 

was analyzed based on comparing their characteristic times. This made it possible to establish the 
hierarchy of collisional-radiative processes. 

The kinetic equations for electrons and the balance for particle concentrations are integrated by the gas 
residence time Dτ  in the discharge zone. 
 
 
3. RESULTS 
 
The Table illustrates the model input data (the gas pressure , the electron number density , the gas 
temperature  et. al.) in the study of the hydrogen molecule excitation kinetics in discharges. It presents 
the results of the model testing: comparison of the values of the vibrational temperature of the hydrogen 
molecule in the ground electronic state calculated  by the model and measured  in 
these discharges. 

The determined self-consistent set of level rate coefficients of the processes satisfactorily reproduces 
the measured values of the vibrational temperature and the vibrational distribution functions of the 
hydrogen molecule in the ground electronic state (see Figs. 2 and 3). 

The populations of the hydrogen molecule in the 1 +
gX Σ  state that are calculated for the discharge 

conditions from [5−26] decrease monotonically as the vibrational-level number v  increases from 4 to 14. 
We note that the VDF calculated for the hydrogen molecule in the ground state describes satisfactorily its 
counterpart measured in [13−15] for all values of the vibrational-level number in the range of v=0-14  
(Fig. 2). The extended kinetic scheme of model with allowance for processes involving a hydrogen 
molecule in the 1

σN Λ  singlet states made it possible to find out how these processes form VDF for a 
hydrogen molecule in the 1 +

gX Σ  state, depending on gas-discharge conditions and the time of gas 
residence in the discharge zone [27, 28]. The inclusion of processes involving hydrogen molecules in 
excited singlet states in the model can lead to a decrease in the vibrational relaxation time in comparison 
with that obtained using the usual approach: 

( ) ( ) ( )1 + 1 + 1 1 +
2 g 2 u u 2 gH X Σ ,v +e H B Σ ,C Π +e H X Σ ,v +e+hν′→ → . 

The calculations reveal that the effect of these processes on the population of 1 +
gX Σ ,v 3>  states is 

especially pronounced in a pulsed glow discharge [22], a discharge at a thermal-emission cathode in a 
magnetic field [13−18] (see Fig. 2), a hollow-cathode discharge [21], a microwave [1, 2, 19, 20] and 
ECRD [23–26]. In PC of DCGD [5], this effect is minimal (see Fig. 3). This is due to the difference in the 
degree of vibrational-translational disequilibrium (distinction between the vibrational and gas 
temperatures), the electron concentration, and EEDF in gas discharges. It has already been indicated that, 
under the conditions described in [13−26], EEDFs have a bi-Maxwellian form enriched in electrons at 

p eN

gT

( )th 1 +
v gT X Σ ( )e 1 +

v gT X Σ
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energies in the range where the thresholds for the electron-impact-induced excitation of singlet states of 
the hydrogen molecules lie (≈ 11 – 15 eV). As for a microwave discharge [1, 2, 19, 20] and a pulsed glow 
discharge [22], the difference here stems from a high electron concentration in it. 

Figure 4 illustrates the schemes of the dipole-allowed transitions between the hydrogen molecule 
triplet states. It explains applicability of the simplified coronal model for processing spectral data 
obtained in the PC of the DCGD, the MD and the ECRD (see Table). 

 

 

Figure 5. Processes of the excitation and deactivation of the d3Пu 
triplet state of the hydrogen molecule in discharges. 

 
The black solid lines indicate transitions that the simplified coronal model cannot be used for spectral 

data processing in a wide range of changing parameters of the discharges. It is due to the high role of the 
secondary processes in the kinetics of the excitation and deactivation of the upper radiating triplet states 

3
u2c Π , 3 +

g2a Σ , 3 +
g3h Σ , 3 +

g3g Σ , 3
g3i Π . The secondary processes at times Dτ  > 10-9−10-8 s play an important 

role in the mechanisms of the excitation and deactivation of the singlet and triplet states of hydrogen 
molecule. As a consequence stationary distributions of populations of the hydrogen molecules in the 
singlet and triplet states are markedly different from Boltzmann distribution. 

Composition, number and hierarchy of the secondary processes depend on the test conditions and time 
residence of gas Dτ  in the discharge zone. They differ from one state to another and require analysis for 
each state separately. 

The secondary processes give the least contribution to the excitation and deactivation of triplet states: 
3 +

u3e Σ , 3
u4k Π , 3

u3d Π , 3
g4r Π  and 3 +

u4f Σ  in the PC of the DCGD; 3 +
u3e Σ , 3

u4k Π , 3
u3d Π , 3

g4r Π  and 3 +
u4f Σ  

in the MD; 3
u4k Π  and 3 +

u4f Σ  in the ECRD. The dotted lines indicate transitions that the simplified 
coronal model is recommended for spectral data processing in the wide range of the discharge parameters. 
The dash-dotted lines indicate transitions that the simplified coronal model can also be used for spectral 
data processing in a limited range of the discharge parameters. 

The results of the analysis of the mechanism of the excitation and deactivation of the 3
u3d Π  triplet 

state are particular interest.  
The Fulcher system is often used in the spectral diagnostics of the discharges in hydrogen. Figure 5 

gives the block diagram of the processes of excitation and deactivation of the 3
u3d Π  triplet state in the 

discharges. The simplified coronal model application is true for the spectral diagnostics: PC of the DCGD 
at p  = 0.3–2.5 Torr, E/N  = 65–130 Td and eN  = 1.2×1010 – 6.5×1010 cm-3; MD at p <1 Torr, E  = 60–
200 V/cm and Ne= 108–1011 cm-3. The simplified coronal approximation is not valid: PC of the DCGD at 
p=2.5–15 Torr, E/N = 30–65 Td, Ne= 4.0×109–1.2×1010 cm-3; MD at p > 8 Torr, E = 60–200 V/cm, Ne= 
108–1011 cm-3. It is due to that the intensive energy exchange between triplet state 3

u3d Π  and 3 +
g3g Σ  

caused by collisions of electrons with these excited hydrogen molecules  
( ) ( )3 3 +

2 u 2 gH 3d Π +e H 3g Σ +e⇔  
limits the use of the simplified coronal model for spectral diagnostics of the stationary discharges in the 
hydrogen. 
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Abstract. We present a new atmospheric-pressure non-thermal microvawe plasma generator (plasmatron) that 
intended for large-area surface treatment of delicate organic and non-organic materials such as textiles, polymers, 
biological objects, etc. The prototype of the generator was produced on the base-type low-power microwave plasma 
source by SPE “AgroEcoTech” LLC (Obninsk, Russia) and was assembled and launched this year in JIHT RAS 
laboratory. The plasmatron combines many advantages such as small size and weight, easy handling and low cost. It 
has flexible open architecture design friendly for maintenance and further modernization. The probe measurements 
were made in the cold afterglow plasma generated in Ar plasma jet by electrode torch device. The probe floating 
potentials and I-V probe characteristics were obtained and plasma density was estimated. 

 
 
 
1. INTRODUCTION 
 
At the present time the possibility of using atmospheric cold plasma jets is actively investigated in 
applications for plasma-chemical treatment of surfaces of various materials in such industries as practical 
medicine, microbiology, agriculture and food industry [1–3]. The interest is due to the fact that in such 
jets non-equilibrium “streaming-afterglow” plasma is generated and excited particles and radicals with 
high reactivity are produced. At that, the temperature of the gas flow in the jet can be reduced to almost 
room temperature, which does not have a destructive effect on a material during processing. This 
combination of low temperatures and a high reactivity of plasma particles makes cold plasma jets 
technologically advantageous and effective tool in the above-mentioned industries. And of course, the 
convenience of using such jets is now seemed obvious, since plasma jets allow to treat a surface of 
objects of various shapes and sizes outside a closed discharge chamber.  

The effect of the plasma jet on a surface is complex and includes the following main factors: UV 
radiation, chemically active particles, and charged-particle impact. By selecting an appropriate set of 
processing parameters, it is possible to carry out technological processes such as plasma cleaning, plasma 
surface activation, plasma deposition and plasma etching.  

A special place among the sources of non-equilibrium atmospheric pressure plasma is occupied by 
microwave discharges of both electrode and electrode-free types. Cold plasma jets based on microwave 
discharges has a much higher charge density and, as a consequence, greater reactivity compared to other 
types of discharges at the same energy input. A microwave discharge initiated in molecular gases lead to 
effective dissociation of molecules and generation of active radicals. 

Despite the fact that the use of plasma jets of atmospheric pressure microwave discharges is constantly 
broadened out and new opportunities for plasma processing are opened up, methods for diagnostics and 
properties of “streaming-afterglow” plasma are still insufficiently studied and remain uncertain. This 
makes it difficult to study the mechanisms of modification of the surface properties of materials being 
processed and, in general, hinders the development of plasma processing technologies. It should also be 
noted that for many plasma technologies, an important characteristic of a plasma source device 
(plasmatron) is the area of the surface that can be processed by the plasma jet. The size of the outlets of 
most existing plasmatron burners (torches) is less than 1 cm in diameter. For surface treatment of a large 
area, various “tricks” are used: processing with “matrix” (or module) consisting of several burners 
(micro-plasmas arrays [3]), or surface “scanning” by one burner. However, such approaches are 
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inconvenient, and can hardly be attributed to technological advantages. The prototype of the multi-
purpose microwave plasmatron, assembled and launched at present, has a discharge chamber with an 
outlet of 2.5 cm in diameter with the possibility of increasing the size of the torch outlet by using nozzles 
of various configurations. This work is devoted to study of characteristics of the plasmatron. 

 
 

2. EXPERIMENTAL INSTALLATION 
 
The developed microwave plasmatron allows initiating microwave discharges of atmospheric pressure 
with a frequency of 2.45 GHz both in the rectangular metal waveguide with a power range from 0 to 2.5 
kW (electrodeless discharge) and in the remote portable torch with electrode discharge of a power of up 
to 200 W (Fig. 1). The prototype was produced on the base-type low-power microwave plasma source by 
SPE “AgroEcoTech” LLC (Obninsk, Russia) [9, 10]. One of the main differences of the produced 
plasmatron from the base model is a sectional waveguide design (three sections), with the possibility of 
replacing the middle section for connecting discharge devices of various designs. So, the microwave 
plasmatron includes the following components (Fig. 2): 

- high-voltage three-phase power supply, 
- microwave unit, including water-cooled magnetron, 
- sectional waveguide system with two sets of flanges with gaskets and with splitter and load, 
- 50 ohm coaxial cable with a length of 2 m and two N-connectors, 
- burner (plasma torch) with 6 electrodes in common chamber (Fig. 2). 
As already mentioned above, the design of the waveguide system provides the possibility of choosing 

between two types of microwave discharges. According to the classical scheme, plasma is generated in a 
discharge tube crossing the resonator (waveguide), and the plasma jet is formed by the flow of gas 
through the tube. At that temperature of a plasma jet can reach several thousand degrees of K. In our case, 
it is possible to use discharge tubes with a diameter of up to 4 cm, that, along with mw power, gas 
composition and gas flow rate, will allow changing the discharge regimes and, as a result, plasma jet 
parameters. In addition to the classical scheme the portable electrode burner is used, developed to study 
the plasma of non-destructive ("soft") action at about room temperature on the distance of several 
centimeters from the outlet of the burner. The microwave power to the burner is withdrawn from the 
waveguide via a coaxial cable connected to the splitter section. Gas is flown through the burner, and the 
discharge channels arise between the cylindrical discharge chamber and the six rod-like electrodes inside 
it (Fig. 3). The burner outlet diameter is 2.5 cm. Air, inert gases, as well as nitrogen and mixtures of argon 
with nitrogen can be used for plasma generation. Gas flow rate can vary from units to several tens of liters 
per minute.  

 

 
 

Figure 1. Atmospheric pressure microwave plasmatron installation. 
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Figure 2. Schematic diagram of the microwave plasmatron with portable discharge torch (left) and view of the torch 
discharge chamber without a nozzle (right). 
 
The design of the plasma torch provides the possibility of fast replacement of a nozzle after turning off 

generation of the magnetron. The use of nozzles of various sizes and geometry of metal and non-
conducting materials (PTFE, quartz, etc.) allows stabilizing the mw discharge and optimizing plasma jet 
parameters. 

In Fig. 3 an example of burning of the atmospheric pressure microwave discharge in argon in the 
discharge burner with the straight cylindrical nozzle of 2 cm in height is shown. 

It should be noted that the closest analogue of the developed cold mw plasma torch is the low-
temperature argon plasma generator MicroPlaSter β by ADTEC Plasma Technology Co. Ltd. [6, 7]. 
However, the latter is a highly specialized device designed for biomedical applications. As to plasmatron 
investigated in this work, it is suitable for laboratory investigations and combines many advantages: small 
size and weight, easy handling and very low cost. But most importantly, our plasmatron has flexible open 
architecture design friendly for maintenance and modernization.  

Further, for the purpose of studying parameters of the cold plasma jet, a planar electrical probe in the 
form of a disk with a diameter of 1.6 cm was used mounting on an adjustable holder and orienting 
perpendicular to gas flow direction in the flow center. 

 
 

3. MEASUREMENTS AND DISCUSSION 
 

To investigate temporal characteristics of plasma generated, oscillograms of floating potential of the 
probe were obtained (Fig. 3). As can be seen, the generation of plasma in the gas flow is periodic with a 
frequency of 50 Hz. We believe that such periodicity is due to the power supply and magnetron operation 
features. Next, let us consider a simplified scheme of operation of a magnetron in order to explain the 
periodicity detected.  

The magnetron power supply unit is designed to generate the necessary voltages driving a magnetron, 
namely anode voltage and filament voltage. Its main high-voltage elements are: a transformer, a booster 
capacitor and a diode. The last two elements double the voltage of a high-voltage transformer. Such a 
high voltage is necessary on the anode of a magnetron for its normal operation. Let us briefly describe the 
process of voltage doubling. In the first half-cycle a high voltage from the transformer charges the 
capacitor through the open diode. At that, the voltage on the magnetron is zero since the open diode 
shunts it. In the second half-period the diode is closed, the capacitor voltage is applied to the magnetron 
and the voltage of the negative half-period of the high-voltage winding of the transformer is added as 
well. These two voltages are summed and create a high operating voltage on the magnetron. When a 
sufficient voltage is reached on the magnetron anode, the magnetron starts operating at a frequency of 
2.45 GHz. 
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Figure 3. Atmospheric microwave discharge in Ar flow in the torch with straight nozzle of 2 cm height (top left). 
Oscillogrames of probe floating potential on the distances from the torch outlet 0 (top right), 0.7 (bottom left) and 2.5 cm 
(bottom right). 

 
 
When the voltage on the magnetron drops below the threshold value, the magnetron stops generating. 

Then, at the end of the half-wave, voltage drops to zero due to a decrease in the voltage amplitude of the 
high-voltage transformer winding and discharge of the booster capacitor. Thus, the magnetron operates 
(generates) in a pulse mode (50 pulses per second) and only in one half-cycle of high-voltage transformer. 
In each pulse magnetron outputs a 2.45 GHz wave packet (50-Hz modulated 2.45-GHz microwaves). 

We also used the planar probe to estimate plasma density in a plasma jet. Such a probe plays the role 
of a charged particles collector in afterglow plasma. Examples of the distribution of the RMS value of the 
floating potential along the plasma jet in Ar and the current-voltage characteristic of the probe in the 
region near the torch outlet are shown in Fig.4. It is clearly seen that the afterglow plasma exists at 
distances up to 3.5 cm from the torch nozzle. At atmospheric pressure the mean free paths of charged 
particles are much smaller than a probe size and the disturbed region near a probe. Therefore, it is 
necessary to take into account the diffusive character of the movement of these particles [11–13]. Taking 
into account that the determination of plasma parameters when using a probe of such large size is not 
always possible and justified, we will nevertheless try to estimate the plasma density at least in order of 
magnitude. For this purpose, we use the ion part of the characteristic and consider the current of positive 
ions to the negative probe in the atmospheric plasma. In many cases the mean free path of an ion at high 
gas pressure is determined by charge-exchange process.  
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Figure 3. Probe floating potential and I-V probe characteristic in Ar plasma jet (RMS values). MV power about 100 W. 
gas flow rate 7.5 slm. 
 
 
Then, to calculate the drift velocity of ions in electric field E, one can use the expression [11, 13] 
 

𝜐𝑑 = 0.24 𝑒𝑒
𝑝𝜎𝑟

 �2𝑘𝑇𝑛
𝑀𝑖

�
1
2� , 

 
where σr – resonant charge-exchange cross-section, p – gas pressure, Tn – gas temperature. Neglecting the 
gas flow, for the current density of the ions on the probe we take 𝑗𝑖 = 𝑒𝑛𝑖𝜐𝑑. Then, taking from the 
experimental results I0 = 0.6 µA, Tn ≈ 200 0С, E ≈ 1.5 V/cm and σr = 6.5×10-15 cm2 [13], we obtain ni = 
5×105 cm-3. 
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Abstract. A capacitive High-Frequency (HF) low-pressure discharge (ν<<ω) with large-area electrodes (radius 
greater than 20 cm) when excited by an electromagnetic field with frequency 13.56 – 500 MHz in a metal discharge 
chamber is considered. An analytical model for calculating the field distribution and an equivalent discharge circuit 
are proposed. The specific feature of this work is the allowance for the asymmetry of the discharge, leading to an 
additional RF current on the side wall and additional ionization in this region. Analytical calculations of discharge 
properties were supplemented by numerical modeling using Comsol Multiphysics. The possibility of controlling 
plasma homogeneity and the amplitudes of a symmetric and anti-symmetric surface waves due to a change in the 
properties of the lateral surface is studied. 

 
 

 
1. INTRODUCTION  
 
High-frequency capacitive discharges are widely used in scientific research and technological installa-
tions for the past 50 years [1, 2]. In the early stages of studies, it was shown that at low gas pressures, 
when the frequency of collisions between electrons and neutral particles much smaller than the frequency 
of electromagnetic field, which supports the ionization, capacitive discharges have resonant properties.  

 
Figure 1. Typical schemes of experimental installations: simple 
research discharge camera a) and industrial plasma reactor b). 1, 
2 – electrodes, 3 – plasma, 4 – sheathes, 2L – interelectrode dis-
tance, d1, d2, d3 – sheathes thicknesses. 

This resonance is associated with compensa-
tion of the capacitive impedance of the space-
charge sheath and inductive impedance of the 
plasma [3]. The resonance was observed in the 
condition ∆= 222 LPe ωω , where ωPe – the plasma 
frequency corresponding to the electron density n 
in the discharge, L – electrode spacing, ∆ – 
sheath thickness. Later it was shown [4], that the 
resonant character of the impedance of the dis-
charge gives rise to a hysteresis in the current-
voltage characteristics of the discharge. These 
calculations have been confirmed experimentally 
[5] at a time, when the size of the discharge was 
less than the depth of penetration of the field into 
the plasma, so the quasi-static approximation, 
which was used in the model [3], gave the correct 
results. This work is devoted to investigation of 
resonances in discharge with large electrodes. 
New resonances can be connected with excitation 
of odd and even surface waves. The typical ex-
ample of discharge excitation in the experimental 
setup is shown in Fig. 1a. The discharge is 
maintained between the two cylindrical  
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electrodes 1 and 2. RF voltage U is applied to electrodes through a matching circuit Z. Electrodes placed 
in a dielectric vacuum chamber 5. Plasma 3 is separated from the electrodes by sheath, which is formed at 
its boundary. In the more complex technological installations (Fig. 1b) the HF current between electrodes 
and metallic vacuum chamber is used for making electron density spatial distribution homogeneous. A 
side result of this current may be excitation of odd surface wave, which length is shorter. In a simple sys-
tem (Fig. 1a), this wave is not excited. 

In this work, in an analytical study, we restrict ourselves to an analysis of the electrodynamic proper-
ties of the discharge, assuming the electron density in the plasma and their collision frequency to be given 
(the cold plasma approximation was used). Maxwell's equations are conveniently written in such a way as 
to distinguish explicitly the wave impedance of the vacuum. 

000 µερ = :   

[ ] 0
0

0 =+×∇ EH ε
µ
εik , [ ] 0

0

0 =−×∇ HE
ε
µik

 
(1) 

Here k=ω/c, ω – is the field frequency, с – is the speed of light; ε0, µ0 are the dielectric and magnetic 
permeabilities of vacuum, E(r), H(r) are complex electric and magnetic field strengths, the time depend-
ence is chosen in the form of exp(–iωt); ε is the dielectric constant of the medium. In the sheath we will 
assume 1=ε , in the plasma ( )ωνεε iνν CεP −−== 11 . 

 
 

2. SURFACE WAVE CHARACTERISTICKS 
 

We will solve Maxwell equation in vacuum chamber (fig.1) with zero tangential electric field boundary 
condition, using matrix sheath model [3]. Plasma density distribution is assumed to be a homogeneous. 
As it was mentioned in [6, 7], electric field between electrodes can be expressed as a sum of surface (in-
dex S) and evanescent waves (h>0 in plasma without absorption) 
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To find propagation constant hS± and hm± it’s better to use plane wave conception, which allows repre-
sent the field in the upper and lower sheathes as (index m below corresponds evanescent waves and S one 
to surface waves, hm± have ascending ordering, 1 2 1ε ε= = ),  
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and in the plasma as ( ( )1 2 2L L d d′ = − + ), ( )1 2 2d d d= −  
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The field distribution leads to the dispersion equation for E-waves 
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An example of the calculated characteristics of the surface wave is shown in Fig. 2. Field frequency is 
equal to 27.12 MHz and sheathes thickness is 3 mm for symmetric discharge and 2 and 5 mm for non-
symmetric one. According to the calculation, in wide range of plasma densities the surface waves have 
different propagation constants. We will call the shorter wave antisymmetric, since the z-component of 
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the electric field has different signs at the electrodes, and the second wave we call symmetric, although 
the fields of these waves have the required symmetry only when the thicknesses of both sheathes are the 
same. In all cases engineers try to use second wave to support plasma. At large sizes of the vacuum 
chamber, resonances associated with the excitation of both the first and second waves are possible. 
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Figure 2. Propagation constant of surface waves as a function of electron density. The wave frequency is 27.12 MHz, the 
sheathes lengths are a) d1, d2 – 0.3 cm both ones, b) d1 – 0.5 мм, d2 – 0.2; ν/ω= 0.3 
 
 
3. ANALYTICAL CALCULATION OF DISCHARGE IMPEDANCE  

 
Suppose now that sheathes lengths are the same, and the distance between the plasma boundary and side 
wall of the discharge chamber is large. Since the antisymmetric surface wave in this case is not excited, 
the discharge impedance can be calculated using the simple formula 
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The last formula shows that with a small absorption in the discharge, both a current resonance and a 
voltage resonance ( )0Re 0J h R+ ≈  can be observed. In the case of strong absorption, we can use the repre-
sentation for the Bessel function through the Hankel function of the first and second kind 
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   (5) 

In this case, the discharge impedance is determined by the wave impedance of the line, on which small 
resonances associated with the reflection of the traveling wave from the center of the discharge chamber 
are imposed. The presence of these resonances is due to the peculiarities of the distribution of the elec-
tromagnetic field along the radius. 

In addition to these resonances, it is necessary to separately distinguish the geometric resonance plas-
ma – space charge sheath [3], which exists independently of the previous ones and is associated with the 
features electromagnetic field spatial distribution along the 0Z axis.  
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In the approximation 2 2
2 1Ph k Lε+ − <<  (6) yields standard expression ( ) ( )1 2 1 1 22 1 0P d d L d dε ε+ − + + =  for 

resonance [3]. In a discharge at low frequencies, when surface waves length turns out to be larger than the 
system size, this resonance causes a sharp change in the discharge impedance with electron density. The 
expression for the discharge impedance with nonsymmetrical discharges (d1≠d2) is very cumbersome, 
therefore, below we give the expression for the impedance in the limiting case, when the interaction of 
surface waves at opposite plasma boundaries are negligible. 
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a) 

 

b) 

 
c) 

 

d) 

 
e) 

 

f) 

 
g) 

 

h) 

 
Figure 3. The dependence of electrodes voltages (V) as a function of the electron density (in m–3). The field frequency is 27.12 
MHz. a), c), e), g) – antiphase excitation (the current to the side wall is zero), b), d), f), h) – in-phase excitation (all current 
goes to the side wall), a), b ), c), d) – is a discharge not contacting with the side wall, e), f), g), h) is a discharge occupying the 
entire volume of metal chamber (sheath thickness near side surface is 3 mm). a), b), e), f) – symmetrical discharge with 
sheathes thickness d1,d2 equal to 3 mm, c), d), g), h) – asymmetric discharge (sheath thickness at the top electrode is 5 mm, at 
the bottom one is 2 mm ). (1) and (2) curves correspond to the real part of the voltage, (3) and (4) – to imaginary ones. Curves 
1, 2 and 3, 4 in fig. 3b) and 3h) coincide due to the discharge symmetry. 
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The task becomes even more complicated if the plasma is in contact with the side wall, and the excita-
tion of the short wave mode occurs not only due to the asymmetry of sheathes, but due to the currents to 
the side wall. 

 
 

4. CALCULATION OF DISCHARGE IMPEDANCE AND FIELD DISTRIBUTION  
 

To test the reasoning carried out in the preceding paragraphs, a numerical calculation of the discharge im-
pedance and the distribution of the electromagnetic field in the discharge chamber shown in Fig. 1b was 
carried out. The results of the calculations are shown in Fig. 3. The radii of R1, R2, and R3 in the calcula-
tions were 24, 26 and 35 cm, respectively. The plasma radius was 22 cm (Fig. 3a – d), and the sidewall 
current can be neglected in the case. In other calculations (Fig. 3e – h) plasma filled the entire discharge 
chamber. Figure 3 shows the voltage on the electrodes with antiphase (Fig. 3a, c, e, g) and in-phase (Fig. 
3b, d, f, g) excitation. In first case the HF current flows into the electrode is equal to the current flowing 
through second one (the voltages on the electrodes have different signs). In second case the flowing cur-
rent is closed on the side wall of the chamber (Fig. 3b, d, f, g). In all cases, the electrode current was 
equal to 1 A. When the plasma boundary is far from the side wall and the sheathes are the same, reso-
nance is observed only in a symmetric mode (Fig 3a), the antisymmetric wave is suppressed due to the 
small capacitance CL between the plasma and side wall, which limits discharge current (Fig 3b). The 
weak asymmetry associated with the difference in sheathes thickness does not lead to a significant increa- 
 

a) 

 

b) 

 
c) 

 

d) 

 
Figure 4. Spatial distribution of the high-frequency field in the discharge. Excitation conditions correspond to fig. 3g. Fig. 4a, 
s – Re Ez, 4b, d – Im Ez. The electron density in the plasma is 4a, b is the electron density of 5⋅109 cm–3, 4c, d is the electron 
density of 5⋅1010 cm–3. 
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se in the amplitude of the asymmetric wave, and its contribution is not practically noticeable in Fig 3c, 
due to the same smallness of CL. At antisymmetric excitation, the amplitudes of both waves are small, and 
the resonance for each wave is observed at various electron densities (Fig 3d). If the symmetric discharge 
fills the entire discharge chamber (Fig. 3e, f) and the in-phase and anti-phase surface waves can be excit-
ed equally effectively, and the number of resonances for the anti-phase wave is much larger due to the 
smaller wavelength. In an asymmetric discharge, the presence of resonances associated with the excita-
tion of both waves can be seen on both in-phase and antiphase excitation (Fig. 3g, h).  

Examples of calculated space distribution of z-component of electric field in discharge chamber are 
shown in Fig. 4. The most interesting pictures showing the case with different sheathes thicknesses and 
plasma filling the entire discharge chamber are shown. At a low electron density (5⋅109 cm–3), the excita-
tion of waves with different wavelengths is well noticeable. With a higher density of 5⋅1010 cm–3, the 
electric field near the electrodes have a different sign, that is, the discharge is supported mainly by an an-
tiphase surface wave. 

 
 

5. CONCLUSIONS 
 

Low-pressure capacitive RF discharge (ν <<ω) with large area electrodes with frequency 13.56 – 500 
MHz in a metal discharge chamber is considered. It is shown that under these conditions the discharge is 
supported by surface waves propagating along the plasma – sheath – metal interface. 
1. Analytical expressions for CCP HF discharge impedance, including excitation of these surface waves, 

propagating are obtained. Influence of even and odd surface take into account. Numerical calculation 
of the impedances and the spatial distribution of the electromagnetic field qualitatively confirmed the 
analytical calculations. 

2. The main observed resonance is similar in nature to the geometric plasma - sheath, other resonances are 
the resonances of currents and voltages in the long line associated with the excitation of symmetric 
surface waves. 

3. When the discharge is asymmetric, is excited asymmetrically, additional resonances associated with the 
excitation of antisymmetric surface waves appear. It is found, that the role of symmetric and antisym-
metric waves is defined by geometry of discharge and properties of matching device. 

4. Specified approach allows to calculate discharge impedance and explains possible ambiguity of plasma 
impedance, connected with these resonances and chemical processes in plasma. 
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Abstract. The design of the reactor for steam conversion of gases and its testing.CO2 gas is given as an example in 
this paper. The principle of operation of the reactor is based on the interaction of the plasma jet created by the 
microwave with water. The system works steadily when using CO2 and with mixtures of nitrogen and argon. The 
process of conversion of CO2, which is accompanied by the formation of carbon nanoparticles of different 
structures, is demonstrated qualitatively. The reactor can be used in solving a number of applied problems, including 
cleaning water and gases from chemical and microbiological contamination. 

 
 
 
1. INTODUCTION 

 
Plasma-fluid interaction is a growing interdisciplinary research area embracing plasma physics, 
hydrodynamics, heat and mass transfer, photolysis, multiphase chemistry, and so on [1]. A separate area 
consists of studies using microwave sources of plasma of various designs [2−4]. Physical, plasma 
chemical processes of interaction of microwave plasma jet with water are quite complex and depend on 
jet power, water temperature, geometry, etc. [2, 4]. The attractiveness of the problem lies in the 
possibility of an efficient, relatively simple solution of a number of important applied problems, one of 
which is steam conversion of gases. 
 
2. EXPERIMENTAL SETUP 
 

The design of the reactor for the conversion of gases and its validation using the example of CO2 is given 
in the paper. The scheme of the reactor is shown in Fig. 1. 

 

Figure 1. Reactor layout. 1 − cylindrical tube of Plexiglas; 2 
− flange; 3 − magnetron (N = 850 W, f = 2.45 GHz), 4 − 
internal electrode of the coaxial waveguide; 5 − external 
electrode of a coaxial waveguide; 6 − quartz tube; 7 − water; 8 
− holes for pumping gas; 9 − gas bubbles; 10 − plasma jet; 11 
- holes for pumping water. 

 

The magnetron (3) is connected to a coaxial 
waveguide with a shortened internal electrode (4) 
(rod diameter 2.5−3 mm). The pointed end of the 
inner electrode was made of titanium and tantalum. 
The outer electrode (5) is a cylindrical tube, with a 
diameter of 35−40 mm, made of a metal mesh, 
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almost opaque for microwave radiation. Between the electrodes and coaxial with them, is a quartz tube 
(6) with a diameter of 25 mm, into which gas is injected. The gas flow rate was regulated in the range up 
to 20 L/min. The device is placed in a tube of transparent plastic (1), which is filled with water to the 
desired level.  

The design of the plasma torch is based on the results of [5−7], in which it is shown that the plasma 
generated by the torch (jet) is thermodynamically in nonequilibrium, has a complex spatial structure: a 
small "core" region near the end of the inner electrode with a concentration n = 1016 cm-3 and the gas 
temperature T = (4−5) · 103 K and the adjacent main region with n = (1−3) · 1014 cm-3 and T = 2 · 103 K.  

A magnetron with a power N = 850 W, (λ = 12.24 cm), pulse repetition frequency f = 50 Hz, pulse 
duration τ = 8 ms was used with a pause of τ = 12 ms. 

The injected gas displaces water from the tube. In the formed gas region, a plasma jet is generated 
which is a continuation of the internal electrode of the coaxial waveguide. This contributes to the further 
propagation of the electromagnetic wave. The interaction of the plasma jet with the water surface leads to 
the entry of vapours into the reactor volume and the formation of a vapour-gas mixture. Due to the kinetic 
energy, the plasma jet penetrates into the water, decaying into many small bubbles, which contribute to 
the rapid cooling of the products of the plasma chemical reactions occurring in the hot zone of the reactor. 
Depending on the gas flow rate, the size of the gas cavity, the power of the magnetron, the shape of the 
quartz tube (end in the form of a nozzle) etc., different modes of reactor operation are possible. 

The picture of the interaction of a plasma jet with water was demonstrated in [2]. The reactor works 
steadily on various gases: air, argon, N2, CH4, CO and CO2. To test the device, experiments were 
performed using CO2. Research methods involved IR spectrophotometry, integrated emission spectra 
(400 ≤ λ ≤ 750 nm), microphotography and elemental composition of the powder formed as a result of the 
conversion of CO2.  

 
3. RESULTS 

 
Some preliminary results are given below.  

Testing of titanium and tantalum as the sharpened tips of the electrode 4 (Fig. 1) showed high stability 
of tantalum. Under the same conditions, titanium is markedly destroyed. At an energy cost of 100 kJ 
titanium consumption was 0.028 cm3. 

Figure 2 shows IR absorption spectra of reaction products in the absence of water vapour (a) and in 
their presence (b). Titanium was used as the electrode. In the case of (a) the bands of CO2 and CO stand 
out against the background of a wide absorption region. Perhaps this is due to the presence of products 
from the interaction of gas with titanium vapour. 
  

 
Figure 2. IR absorption spectrum, a − electrode from titanium, CO2 (in the absence of water vapour) and b − electrode 
titanium, CO2 (in the vapour-gas mixture). 

CO2 

CO 
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Figure 4. A micrograph of a powder deposited on the walls of a quartz tube of a plasmatron 
and a powder obtained following water filtration of plasmatron treated samples. 

Figure 3 shows the integrated spectrum of radiation using a titanium electrode in a mixture of a water 
vapour and CO2. On the continuous part of the spectrum, the bands CO2, CO, C2 and the lines Ti II and Ti 
I are singled out. 

In the process of steam-gas transformation of CO2, carbon nanoparticles of different structures are 
formed that precipitate on the walls of the quartz tube and, in part, get into the water (Fig. 4). 
 

 
Figure 3. Radiation spectrum, titanium electrode (CO2 − water vapour). 

 

4. CONCLUSIONS 
 
A prototype of the reactor based on the interaction of a microwave plasma jet with water is developed, 
which makes it possible to realize plasma-chemical reactions in a complex three-phase system-gas, water, 
vapour. A number of preliminary experiments have been performed. The device can be used for steam-
gas transformation of gases, purification of gases, water from chemical and microbiological 
contamination, production of nanoparticles, etc. 
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Abstract. The switching speed of transmission spectrum of the plasma electromagnetic band gap (EBG) structure 
formed by pulse discharges at atmospheric pressure was under investigation. The ability to obtain a nanosecond 
transmission spectrum switching time of plasma EBG structures was demonstrated. It has been shown that switching 
frequency could be about 100 kHz. The switching properties of 1D and 2D EBG structures with plasma control 
elements were tested at high microwave power of about 50 kW. Obtained results can be used for a high–speed 
microwave devises development that are able to work at high power levels and can be used as a part of automated 
systems for receiving and transmitting microwave signals. 

 
 
 

1. INTRODUCTION 
 

During the last decade, there has been a sharp increasing interest in high-speed tunable microwave 
devices based on EBG structures for use in telecommunication systems that are capable of operating at 
high power levels. Devices with variable parameters can be created based on a waveguide, coaxial or 
microstrip lines and use magnetostatic waves [1], p-i-n diodes, mechanical or electromechanical devices 
for switching [2, 3]. Their switching times can reach tens of nanoseconds at the maximum power up to 
watt [2], or milliseconds at kilowatt power of microwave radiation [3]. Gas discharge plasma as a control 
element of such devices has high potential for switching purpose due to its variability in size, density and 
geometry [4]. Also plasma can be used as an element of power limiter [5]. One-dimensional plasma EBG 
structures in the X-band waveguide formed by discharges at low and atmospheric pressure were presented 
in [6, 7]. The main purpose of these studies was the establishing of the EBG structure transmission 
spectrum dependence on plasma parameters (electron density, collision frequency, diameter, etc.). Also in 
[7, 8] the possibility of controlling a high power microwaves propagation by one- and two-dimensional 
EBG structures with plasma elements was demonstrated. At the same time, the switching speed of the 
transmission spectrum was not sufficiently investigated. 

In this work, the switching speed of transmission spectrum of the plasma EBG structure formed by 
pulse discharges at atmospheric pressure was under investigation. 

 
 

2. THE 1D PERIODIC STRUCTURE 
 

One-dimensional electromagnetic band gap structure [7] is a 3 plasma columns placed on axis of a 
standard waveguide of rectangular cross-section 23×10 mm2 in perpendicular to the wide walls of it with 
distance between plasma columns of l = 30 mm (Fig. 1a). The chosen distance corresponds to l = Λ0, 
where Λ0 is a wavelength in the waveguide for frequency f0 = 11.9 GHz, which is expressed by relation 

2/12
0 ))2/(1( −−=Λ amm λλ .     (2) 

where λm is the wavelength corresponding to the middle of the pass band; a = 23 mm is the waveguide 
wide wall dimension. The transmission spectrum of the structure is shown in Fig. 1b. Experimental 
transmission spectrum is in good agreement with modeling results obtained in the Ansoft HFSS 
program [9]. 
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Gas discharges were formed in quartz tubes with an external diameter of 4.8 mm and an internal 
diameter of 2.5 mm between rod copper electrodes (diameter - 2 mm) with interelectrode distance 10 mm. 
Working gas (helium, argon or air) flow per tube was about 1 l/min. A pulse voltage source was used for 
discharges generation (Fig. 2a). 

 
Each discharge gap is connected to the output of the high voltage pulse power supply through a 

resistor R (1 kΩ). The discharge current is registered using Rogowski coil (time constant of 0.2 μs) and 
digital oscilloscope GDS-72204E (200 MHz, 1 GS/s). The ignition of the discharge is synchronized by 
the pulse generator G5-72.  

The electron density in the discharge plasma was estimated from the FWHM contour of the Hβ or Hα 
lines [10]. An example of the emission spectrum of the discharge registered in the maximum discharge 
current in helium in the vicinity of the Hβ line is shown in Fig. 2b. The discharge plasma emission was 
focused with a lens with a focal length of 150 mm on the entrance slit of the double 1-meter high-
resolution diffraction monochromator MSDD-1000 (2 gratings at 1200 strokes/mm) and recorded using a 
ICCD camera PI-MAX-2. The exposure time of the camera was set to 5-10 μs. For abscissa axis the 
resolution is 0.011 nm/pixel. The camera was synchronized with the discharge current pulse, and 
averaging over several discharge pulses was performed, if necessary. The ordinate axis represents the 
distance along the entrance slit of the monochromator, which was oriented perpendicular to the axis of the 

 
Figure 2. (a) Electrical scheme of the 1D plasma EBG structure and (b) the emission spectrum of the discharge in the 
vicinity of the Hβ line and (c) its contour at the maximum of the discharge current. 

a)     b) 

 
Figure 1. Photo of the waveguide section with electromagnetic band gap structure formed by gas discharges and (b) 
it’s transmission spectrum at current maximum (stars – experiment, continues curve – modeling in HFSS). 
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discharge. Color gradations (gray) reflect the intensity at a given wavelength at a given point across the 
discharge. The contour of the Hβ line on the discharge axis in the middle of the discharge gap is shown in 
Fig. 2c. It can be seen that the Hβ line is strongly broadened and splits into two peaks. The contour was 
normalized, approximated by the Lorentz contour (Fig. 2c, a thin line) and the width of the contour was 
determined at half-height ∆λ. The electron density was determined from the relation: 

3/29105.2 eH n⋅⋅⋅=∆ −
ααλ , where ααH  is the Stark broadening parameter [11]. The instrumental 

broadening was 0.045 nm, the Doppler and van der Waals broadenings did not exceed 0.05 nm, and under 
experimental conditions, when the spectral line was broadened to more than 0.5 nm, they were not taken 
into account. 

The time dependences of the structure transmission were recorded using a microwave diode and a 
digital oscilloscope GDS-72204E (Fig. 3). The source of the continuous microwave signal G3-14A 
generator had an output power of about 5 mW and with a frequency of about 9.15 GHz, which 
corresponded to the middle of the forbidden band (Fig. 1b). Discharge current pulses for different gases 
are shown in Fig. 3, a−c. Maximum electron density in all cases was about 1016 cm-3. It can be seen that 
one’s consist of a limited number of damped oscillations, which total duration is 5 μs (helium, argon) and 
about 8 μs in air. 

 
Figure 3. Current pulses in helium (a), argon (b) and (c) air, and envelopes of the1D plasma EBG structure transmission in 

helium (d), argon (e) and air (f) and their initial stages (g). 
It can be seen (Fig. 3, d−f) that the duration of the signal 

suppression is determined by the time of the current flow and 
depends on the type of gas: about 8 μs for discharges in helium 
and about 13 μs in argon and air. The maximum level of 
suppression in discharges in different gases is also different. 
The transmission is restored in about 5 μs. 

The switch on time was estimated from the initial stages of 
the microwave signal envelops, which are presented in Fig. 3g. 
It can be seen that the change in the transmission level from 
0.9 to 0.1 in argon and air occurs in a time of less than 100 ns, 
and in helium in about 200 ns. 

It should be noted that at the moment of the current 
direction change there is an increase of transmitted microwave 
power (Fig. 3), which is apparently connected with a decrease 
in the electron concentration at these moments. With an 
increase of the capacitance C to 4 μF, the time between the 
peak values of the discharge current oscillations can be 
increased. As it follows from the envelops in Fig. 4, a 
significant suppression of the passing microwave signal at 

 
Fiure 4. Discharge current pulse (a) and 
envelop of the 1D plasma EBG structure 
transmission (b). 
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current peaks and almost full transmission at currents close to zero were observed in this case. The 
shortest peak current period was about 10−20 μs, which corresponds to a maximum switching frequency 
of about 50−100 kHz. 

 
 

3. THE 2D PERIODICAL STRUCTURE 
 

Possibility to control the propagation of an electromagnetic wave at 18 GHz in a 2D EBG structure has 
been demonstrated experimentally by Lo et al. [12]. For our work, the EBG structure has been modified 
for operation at frequency of 9.15 GHz [8]. Investigated structure is formed by copper rods of 5 mm 
diameter distributed uniformly with a lattice constant of 22 mm (Fig. 5a). This arrangement allows 
diagonal wave propagating mode (around ~ ±45°) for frequencies in the 9.15 GHz range and the principal 
propagating mode (0° direction) being forbidden. In order to excite the diagonal mode, it is necessary to 
put a defect in the front rod row of the EBG structure by removing one or two rods (Fig. 5, inset II) or by 
adding a rod (or plasma column) (Fig. 5, inset III). The structure is irradiated by continuous MW 
radiation at frequencies in the range of 8.5−10.0 GHz and power of 5 mW using a horn antenna 
(directivity 55). Microwave radiation transmitted through the 2D EBG structure is received by another 
horn antenna (directivity 5.5). Receiving antenna with a waveguide-to-radio adapter is moved along a 
circular arc of 0.5 m radius, centered in the middle of the triangular periodic structure base. This 
movement is realized within an angle range of ± 60° relative to the axis of the radiating horn antenna 
(Fig. 5). The transmitted signal was controlled and registered by spectrum analyzer S4-27 or microwave 
diode with digital oscilloscope GDS-72204E, respectively.  

 
When the structure has no defect (Fig. 5, solid), there is only weak microwave radiation reaching the 

receiving antenna, where the signal level is less than the microwave radiation signal from the radiating 
horn antenna without 2D EBG structure by 3−4 orders of magnitude. If the two nearest rods to the central 
one in the first row are removed, then microwave radiation begins to propagate in directions ±45° and 
signal level grows up by 7 dB (dashed curve). If there is only one rod removed, a microwave signal 
increases by 15 dB (dotted) at the removed rod side. The same behavior takes place for radiation pattern 
in case of additional defect as well.  

After that we replaced a defect in EBG structure (vacancy or additional rod) by plasma 
inhomogeneities and tested the structure transmission properties at high-power microwaves (pulse 
regime, about 50 kW at a frequency f0=9.15 GHz, pulse repetition frequency is 2 kHz and pulse duration 
is about 150 ns). Discharge lamp GSh-2 (inner diameter 6 mm, external one – 8 mm, gas - neon at low 
pressure about 30 Torr) was used as a plasma inhomogeneity. The envelopes of high-power microwave 
pulses transmitted in 45° direction are presented in Fig. 6. The initial microwave power leads to the gas 
breakdown in the lamp and appearing plasma modifies the 2D EBG structure radiation pattern. For 

a)                                                                           b) 

 
Figure 5. a) Schematic of the experimental setup (I – perfect EBG structure, II – structure with two vacations, III – 
structure with additional defect). The inset (bottom-right) –photo of the 2D EBG structure with plasma as additional rod. 
b) Radiation patterns of the 2D EBG structure. 
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example, when plasma is placed as additional rod, the microwaves are transmitted in 45° direction, that 
can be seen from small glowing lamps on the edge of the structure (inset on Fig. 5). Disappearing (plasma 
replaced vacancy) or appearing (plasma replaced additional rod) of a microwave signal in 45° direction 
occurs with the delay of about 30-40 ns which probably corresponds to the time of electron density 
growth. When the lamp GSh-2 is ignited at current of 150 mA (about 6×1012 cm-3), a switching appeared 
slightly faster (curve 3 in Fig. 6) in result of a faster increase of electron density. 

 
 
 

4. CONCLUSIONS 
 

One and two-dimensional EBG structures with plasma control elements have been studied in terms of 
transmission spectrum and its switching speed. Specially designed discharges were created and placed in 
EBG structures. The time resolved Hα and Hβ lines profiles were registered using ICCD camera PI-MAX 
2 and a time behavior of electron density was determined during the discharge. Maximum electron 
density in helium, argon and air was about 1016 cm-3. It was shown, that the switching speed is higher in 
case of using argon discharges as EBG structure inhomogeneities in comparison with discharges in 
helium and air with the same electrical characteristics, and a nanosecond switching time of a transmission 
spectrum could be reached. Switching frequency could be about 100 kHz. The switching properties of 2D 
EBG structure with plasma control elements were tested at high microwave power of about 50 kW. Tens 
nanoseconds switching time was obtained. 

Obtained results can be used for a high–speed microwave devises development that are able to work at 
high power levels and can be used as a part of automated systems for receiving and transmitting 
microwave signals. 

 
This work was supported by the CNRS (grant No. 7423). 
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Abstract. Emission spectra and gas products of a microwave discharge in liquid n-heptane with and without argon 
bubbling (6−40 l / h) are investigated. The discharge was excited in a system with a coaxial input of energy. The 
pressure above the surface of the liquid was equal to atmospheric pressure. It is shown that the addition of argon 
changes the spectral composition of the plasma radiation, in which the emission of atomic lines of hydrogen and 
argon appears. The addition of argon does not affect the rotational temperature of the state ( )3

2 gC d Π , the 

composition and the ratio of the main gas products (H2, CH4, C2H2, C2H4).  

 

  

 
1. INTRODUCTION 

 
Discharges in liquids have attracted the attention of researchers and are one of the priorities in the study 
of the physics of gas-discharge and low-temperature plasma [1−5]. This is explained, first of all, by 
promising applications of such discharges in solving environmental problems. In addition, such 
discharges can be used to produce various gas and solid products. 

At present, different types of discharges are used to create plasma in liquids, but microwave discharges 
are the least investigated object. Publications on this item appeared in early 2000-th and counts in several 
tens papers (in liquid organic compounds the quantity of papers is even less) in contrast to hundreds of 
publications on other types of discharges. Introduction to current state of researches in this field is 
presented in recent review articles [6, 7]. 

This paper presents results on optical emission spectra and gaseous products of microwave discharge 
in liquid n-heptane (n-C7H16) with and without bubble flow of argon. 

 
 

2. EXPERIMENTAL SETUP  
 

The experiments were carried out at a facility, described in detail in Refs. [8−10] and schematically 
depicted in Fig. 1. The attenuator allows receiving smoothly varying incident power in a range from 100 
W to 2.5 kW. The discharge section is a waveguide-to-coaxial junction, the central conductor of which 
serves as an antenna for introducing microwave energy into the discharge section. For matching, a 
movable short-circuiting piston was used. The central electrode of the coaxial line is made of a copper 
tube. Tubes with external diameters of 1.5 and 6 mm were used. Reducing the diameter of the antenna 
made it possible to organize a discharge at powers of the order of 100 W. The discharge was created at 
the end of the antenna in a quartz cuvette (diameter 55 mm) placed in a protective screen (Fig. 1). The 
volume of the liquid in the cuvette is of the order of 40 ml, which ensures that the end of the inner 
electrode of the coaxial line lies below the surface of the liquid. Argon was fed into the chamber (flow 
rate 0−40 l / h) through the internal channel in the electrode. The pressure above the surface of the liquid 
was equal to atmospheric pressure. 

The discharge was focused by optics on the input aperture of the optical fiber directing the radiation to 
the entrance slit of the AvaSpec 2048 spectrograph. The time averaged emission spectra of the discharge 
in the wavelength range 200−700 nm were recorded. Relative calibration of the spectrograph was carried 
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out using a tungsten band-lamp (SI-8-200). The technique for processing the spectrum is described in 
detail in [11]. The discharge was visualized by a digital camera with a frame rate of up to 240 frames per 
second. 

The gas composition of microwave discharge products in liquid n-heptane was determined by gas 
chromatography. 

 

 

 
 
 
 
Figure. 1. Schema of experimental setup 
1− microwave generator, 2 – reflectometer, 3− 
waveguide-to coaxial junction, 4 – shorting 
plunger, 5 – dielectric, 6 – antenna, 7– liquid 
hydrocarbon, 8 – discharge region, 9 – quartz 
reactor, 10 – metal screen, 11 − to 
chromatograph, 12 – gas exhaust, 13 – optical 
system, 14 − optical fiber, 15 – spectrograph 
AvaSpec- 2048, 16 – additional plasma gas, 17 
− flowmeter. 

 

3. RESULTS AND DISCUSSION 
 

Emission spectra of microwave discharge in n-heptane includes the Swan bands (transition  
( )3 3

2 g uC d aΠ − Π ) of sequences  = 0 (maximum at 516.5 nm),  = 1 (maximum at 563.5 nm),  =-1 

(maximum at 473.75 nm), and the band at 436.5 нм (  = -2) is superimposed with the band 0-0 of СН 
emission at 431.2 nm (transition . The wide band spectrum of hard carbonaceous 
particles is also observed (Fig. 2). Spectrum 2 was obtained after ignition of discharge in the n-heptane 
previously processed with microwave discharge.  

  

Figure 2. Emission spectra of microwave discharge in liquid 
n-heptane. 1 − in pure n-heptane, 2 − in n-heptane with 
carbonaceous particles (after previous processing). 

Figure 3. Emission spectra of microwave discharge in 
liquid n-heptane with addition of Ar (34.8 l/h). 
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Difference of curves 1 and 2 in Fig. 2 is unclear as content of liquid hydrocarbon before and after 
processing practically was unchanged [15]. The only difference was the presence of carbonaceous 
particles. It seems that the medium inside the plasma bubble is enriched in carbon due to these particles in 
the evaporated boundary. This causes the increase of intensity of broadband continuum.  

At high argon consumption the structure of the spectrum changes qualitatively (Fig. 4). It produces the 
emission of the H line (threshold 12.09 eV), and with increasing argon flow, also Hβ (threshold 12.75 eV) 
and lines of argon radiation with thresholds of the order of 13.3 eV (Fig.3.) 

When analyzing the results, the results of calculations of the electron energy distribution function 
(EEDF) in a mixture of argon and a hydrocarbon were used. The Boltzmann equation for a stationary, 
isotropic part of the EEDF, recorded in the two-term approximation of the expansion of the EEDF into 
spherical harmonics [13] has been used. Calculations indicate that EEDF and coefficients electron impact 
initiated processes are strongly depend on the dilution of hydrocarbons by argon (Figs. 4, 5). Calculation 
of ratios of intensities of Нα и Нβ emission and comparison with the measured value gives information on 
the microwave field in plasma (Fig. 4). 

 

  

Figure 4. Electron energy distribution functions in 
hydrocarbon diluted with argon at atmospheric pressure at 
gas temperature 2000 K. 
 

Figure 5. Ratios of electron impact excitation coefficients of 
Hα and Hβ emission at different content of argon in 
hydrocarbon and microwave field strength. 

Detailed analysis of gaseous products showed that the main products are H2, CH4, C2H4, and C2H2. 
Table 1 shows the ration of the main products at different additions of argon (respectively to H2 volume 
concentration). 
Table 1. Distributions of main products of microwave discharge in liquid n-heptane with and without bubble flow 
of argon 

Ar, l/h H2 CH4 C2H4 C2H2 
0 1 0,059 0,184 0,269 

6.8 1 0,049 0,233 0,306 
17.3 1 0,037 0,264 0,340 
36.8 1 0,040 0,184 0,281 

 
 
4. CONCLUSIONS 
 

The emission spectra of microwave plasma in liquid n-heptane with and without bubble flow of argon at 
atmospheric pressure above the surface of a liquid are studied. Without the addition of argon and with its 
small expenditure in the emission spectra there is no emission of atomic lines. An analysis of the emission 
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of Swan bands showed that the addition of argon at a flow rate of 6-40 l / h does not change the rotational 
temperature of the state , which is ∼ 2000 K. At atmospheric pressure this temperature can be 
identified with the gas temperature. When the flow of argon is high, the plasma emission spectrum 
becomes more complicated, and the emission of the Нα line appears in it, and with an increase in the 
addition of argon, as well as lines Нβ and lines of argon radiation. The range of the microwave field 
strength in the plasma (2000-4000 V / cm) is determined from the ratio of the emission intensities of the 
Нα and Нβ lines. Since the gas composition in the plasma bubble is not known, this range cannot be 
narrowed.  

Difference in the spectra obtained in the pure n-heptane and in the n-heptane after processing is related 
with difference in the content of evaporated liquid boundary followed by the difference in the gas 
composition of plasma. Thus the nonstationarity of the discharge in addition to other factors is related 
with time changing of the boundary conditions. 

It is shown that the main gaseous products of the discharge are hydrogen, methane, ethylene, and 
acetylene. Hydrogen has highest volume concentration and methane have the minimal concentration. 
Ethylene and acetylene have close concentration with predominance of acetylene. Addition of argon does 
not change the distribution of main products.  
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Abstract. Relativistic plasma bunches obtained under gyromagnetic autoresonance in a magnetic mirror are 
investigated by radiometrical and radiographical analysis of bremsstrahlung radiation. It is shown that the obtaining 
plasma bunches with relativistic electron component have average energy of few hundred keV and density range of 
2–7∙1010 cm–3. The parameters of the bunches depend on parameters of initial plasma, microwave electric field 
strength, and the rate of the pulse magnetic field increase and can be controlled by varying of such working 
parameters.   

 
 
 
1. INTRODUCTION 
  
Gyromagnetic autoresonance (GA) ensures the phase stability of the motion of a relativistic electron 
under cyclotron resonance conditions in a slow increasing magnetic field. It leads to the automatic 
maintenance of resonance conditions, and an increase in the average electron energy according to the law 
of magnetic field increase [1−3]. 

In case of magnetic field growing in time a consequence the resonant condition  

ω
γ

ω ==
cm

teB
ce

0

)(
,   

(ω – HF frequency, )(tB  − induction of the magnetic field, m0, e – the rest mass and the charge of the 
electron, respectively, c – speed of light in vacuum, γ – relativistic factor) can be maintained 
automatically. Under GA the electron’s phase - φ (the angle between the vector of the electric field 
strength and the vector of the electron’s momentum) is being trapped into the interval that average time 
energy of the electron growth in accordance with the law of the magnetic field growth. In this case the 
magnetic field can be approximately presents as linear function of time 

)1()( 00 tBBBtB pulsed αω+=+= ,  
where α − dimensionless parameter determines the rate of increase of the pulsed magnetic field Bpulsed, 

where ecmB /00 ω= . 
In simplified case of uniform electric and magnetic fields and γ ≈ 1, trapping condition of electron 

under GA regime is [2] 
3

4
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0
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where g0 is a dimensionless amplitude of the microwave electric field strength - EHF. 
The achieved average energy of trapped electrons under GA is determined by the strength of the 

pulsed magnetic field and doesn't depend on the microwave field strength. 
This work is aimed to the radiographic imaging of a plasma bunch and the subsequent evaluation of 

the concentration of a high-energy electron component and its spatial distribution. 

 

 

233



234 
 
2. EXPERIMENTAL 
 
The experimental set-up described in detail in [2]. It is an axially symmetrical system with microwave 
cavity (1 in Fig. 1a), disposed in the interpolar space of the electromagnets that create the static magnetic 
field of mirror configuration. The Helmholtz coils of pulsed magnetic field combined in a single unit with 
the cavity. The cavity parameters are: height − 11 cm, diameter − 9.4 cm, Q=750, SWR=2.5. TE111 mode 
is excited by the pin feeder at the frequency 2.4 GHz. Internal pulsed microwave power can vary up to 
PHF=2500 W. Static magnetic mirror field with mirror ratio of 1.6 satisfies the ECR condition within the 
volume of the cavity.  

The X-ray images were obtained by combination of the KODAK MXG X-ray film and intensifying 
luminescent screen both housed in a light-tight container (2 in Fig. 1a) placed in front of the view port. 
The film darkness is a quasi linear function of the amount of radiation reaching the film and was 
calibrated upon source 133Ba of known activity. The view port for radiographical diagnostic is situated in 
the midplane of the cavity and covered by Be-foil of 0.5 mm thick. The absorption of this foil is 
negligible at photon energies above 10 keV. 
 

  
(a) (b) 

 
Figure 1. Experimental set-up – (a), typical time diagrams − (b): waveforms of microwave (1),  

pulsed magnetic field (2) and NaI(Tl) detector signal (3). 
 

In Fig. 1b typical time diagrams with three significant phases of the experiment are presented. In stage 
(A) microwave pulse (1) leads to the breakdown of gas in the cavity producing initial ECR-plasma. At the 
moment when all transition processes are finished, pulse current through coils produce a pulse magnetic 
field of quasi triangular form (2). Increase of the magnetic field accompanied by HF corresponds to GA 
process producing of the relativistic plasma bunch – stage (B). In stage (C) decompression and 
confinement of plasma bunch occurs. Waveform 3 in figure 1b is typical signal of a standard Х-ray 
detector with 2.5”x2.5” NaI(Tl) crystal used in foregoing experiments [2, 3] for spectrometry and 
radiometry. 

Typically, the system of synchronization tunes microwave pulse to turn off at the same time as 
increase of the magnetic field ends. The parameter α can be varied in a wide range by varying of 
increasing time and the amplitude of the pulsed magnetic field within the intervals of 200 ÷ 800 µs and 
200 ÷ 1000 G, respectively. The cavity’s stainless wall thickness allows penetration of the pulse magnetic 
field with a small decrease in its strength and slight phase delay. The experimental set-up operates in the 
pulse-periodic mode with the frequency 35 Hz. The design of the experimental set-up, the operating 
parameters and the principle of its operation are described in detail in [2]. Experiments were performed 
with Ar plasma (1·10-4÷ 1·10-5 Torr). 
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3. RESULTS 
 
Registered X-ray image of bremsstrahlung from the cavity is represented in Fig. 2. The equivalent 
exposure time with respect to the duty factor was 1 min. For comparison the image of the testing point 
source with 60 min exposition is placed in the lower right corner. The source 133Ba with activity of 100.9 
kBq was located close to the container with the X-ray film. 

 
Figure 2. X-ray image of bremsstrahlung from the cavity. In the lower right corner there is the image of the testing point 

source. 
 

There are three characteristic areas in the image which corresponds to different sources of 
bremsstrahlung radiation from the cavity. The bottom image with sharp boundary we can determine as an 
image of a point source of X-ray radiation located in the upper part of the chamber. It is obvious that the 
only point source of radiation in the chamber can be a microwave feeder which immersed in a cavity by 3 
mm. 

  
(a) (b) 

Figure 3. Mechanism of production of pin feeder – (a) and end walls – (b) images. 
 

Figure 3a shows the mechanism of production of pin feeder image. The particles of the relativistic 
plasma bunch obtained under GA conditions and confined in mirror magnetic trap have a significant 
azimuth component of momentum. They are rotates in the midplane of the cavity, some particles on outer 
radius of the bunch hits the microwave feeder and produce bremsstrahlung. View port of the cavity acts 
here as a diaphragm that limits the outgoing radiation. It results in the formation of an image with sharp 
boundary. 

Moreover this is the reason why particles of the bunch cannot reach the side wall of the chamber. The 
same conclusion follows from the results of modeling [3], which say that the main losses of particles 
accelerated in the process of GA are due to their landing on the feeder. 

Two symmetrical arc-shaped images are formed by the emission of particles that hits the end walls of 
the chamber due to bounce oscillations. Figure 3b shows the idea of this image production. Let us 
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suppose that hot electrons landing the end wall in plane XY within a thin annular region and choose three 
characteristic points on this ring (1, 2 and 3 in Fig. 3b) which will be point sources of bremsstrahlung 
radiation. The diaphragm of the view-port gives the images 1`, 2` and 3` of this points in the X`Y` plain 
of X-ray film. So the image of the above-mentioned annular region is an ellipse. Radiation of annular 
regions of different radii limited by extended channel of view port forms the arc image of end wall. It is 
clear that by the minimum distance between two arcs of image, one can judge the maximum radius of the 
landing of particles. Taking into account the dimensions of the chamber and the diaphragm, this radius is 
of the order of 3.5 sm. 

 
B0=840 G 

 
B0=880 G 

 
 

B0=920 G 
 

B0=960 G 
(a) (b) 

Figure 4. X-ray images for different B0 – (a), the dependence of the bunch density ne on parameter δ – (b). 
 

The central part of the X-ray image (Fig. 2) is a result of bremsstrahlung of distributed gas target. 
Variation of initial magnetic field of the mirror trap gives images presented in Fig. 4a. It's easy to see that 
darkening of the gas target image strongly depends on induction of the magnetic field at the center of the 
system B0. The point is that with increasing of B0, the area of the ECR surface increases and the number 
of trapped particles increases too and hence the radiation intensity becomes larger. 

Density of hot electrons of the bunch can be calculated from [4]: 

,
0 BR

BR
e VvE

In
ϕ

=  

were IBR − intensity of bremsstrahlung, 0E  − average energy of hot electrons, v  − corresponding average 
speed, and bremsstrahlung cross section 272 101,3 −⋅⋅= ZBRϕ  sm2 (Z–nucleus charge). 

Density ne was calculated for average energies of hot electrons of 0.5 MeV and 0.3 MeV (curve 1 and 
2 in Fig. 4b, respectively). 
 

ACKNOWLEDGEMENTS 
 
The publication was prepared with the support of the Russian Science Foundation (Project No. 17-12-
01470).  
 
References  
 
1. Andreev V.V., Umnov A.M., Phys. Scripta, 1991, 43, N 5, 490. 
2. Andreev V.V., Novitsky A.A., Umnov A.M., Chuprov D.V., Instruments and Experimental 

Techniques, 2012, 55, 301. 
3. Andreev V.V., Chuprov D.V., Ilgisonis V.I. et al., Physics of Plasmas, 2017, 24, 093518. 
4. Ivanov B.I., Butenko V.I, Prischepov V.P., Problems of atomic science and technology, 2010, N 3, 

Ser.: Nuclear Physics Investigations (54), 18. 

236



237 
 
EXCITATION OF AN ION-SOUND WAVE IN AXIALLY SYMMETRIC PLASMA 
 
 
А.A. Balmashnov, N. B. Butko, A. V. Kalashnikov, S. P. Stepina, A. M. Umnov 
 
RUDN University, Mikluho-Maklay Str., 6, Moscow, 117198, Russia 
 
 

 
Abstract. The article provides the results of an experimental study of the conditions for the occurrence of low-
frequency oscillations in a plasma ring formed by an ECR discharge in a narrow coaxial resonator; establishes the 
region of discharge parameters, for which these oscillations are stable and the possibility of forming an axially 
symmetric plasma ring with increasing particle concentration outside the ECR region, as well as the determining 
influence of spatial inhomogeneity in the resonator's region on the formation of phased oscillations of charged 
particles and the fact that the recorded oscillations are a consequence of the occurrence of an ion-acoustic wave 
propagating in the azimuth direction. 

  
 
 
1. INTRODUCTION 
 
The study of oscillations of charged particles in axially symmetric plasma objects is not only important 
from the scientific point of view, but is also of practical interest, as they can significantly influence the 
operating modes of various experimental devices and devices used in various fields of technology. In 
particular, research [1–5] has shown that plasma potential oscillations propagating as azimuthal waves are 
observed in the channels of stationary plasma engines (SPE), and their presence significantly affects the 
efficiency of the engines’ operation.  

The CERA-RI-2 plasma injector that we are currently developing differs significantly from SPE and is 
a version of ECR injectors based on coaxial resonators [6, 7], which research efforts have focused on 
recently due to the possibility of creating microwave plasma systems with small weight and dimensions. 
CERA-RI-2 uses an ECR discharge to generate plasma (ωс ≈ ω0 = 2πf0 = 1.5·1010 rad/s, where ωc is the 
cyclotron frequency of the electrons, ω0 is the frequency of the HF field), and unlike known systems with 
coaxial resonators, the ECR discharge is realized in the azimuthally symmetric region, thus generating a 
plasma ring detached from the walls of the discharge chamber [8]. It was found [9] that in the plasma in 
the ECR region, CERA-RI-2, like SPE, records oscillations of particles, the frequency and amplitude of 
which depend on the working gas (Ar) pressure and the level of the HF power supplied into the resonator. 
In this case, the oscillations of ions and electrons are always in antiphase, and the oscillations of ions 
recorded in regions located at an angle of π/2 relative to each other at the same distance from the center of 
the plasma ring also occur in antiphase. An analysis of the results obtained gave us reasons to suggest that 
the presence of low-frequency oscillations in the plasma ring can result from the excitation of an 
electrostatic (ion-acoustic) wave propagating in the azimuth direction, while the existence of a phase 
pattern of the oscillations can be due to the geometric dimensions of the plasma ring and the temperature 
of the electronic plasma component. To confirm this assumption, we studied the plasma generation 
conditions in region ωc ˂ ω0, in which, as had been established earlier [10, 11], the formation of high-
concentration plasma can be a consequence of the following processes: linear transformation of the 
electromagnetic wave into an oblique Langmuir wave takes place in the region of the upper hybrid 
resonance (ωc = (0.5−0.7)ωо), and this wave splits into a new oblique Langmuir wave and an ion-acoustic 
wave. The processes of decay and coalescence of waves lead to the occurrence of an electromagnetic 
wave of blue and red satellites of its fundamental frequency in the spectrum of oscillations, where the 
frequency difference between those waves is equal to the frequency of the ion-acoustic wave. In this case, 
the length of the ion-acoustic wave is determined by the geometric dimensions of plasma. The aim of the 
study was also to determine the cause of the phase pattern of oscillations, which in [10, 11] was 
determined by boundary conditions. 
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2. EXPERIMENTAL DEVICE AND DIAGNOSTIC METHODS 
 
The possibility of forming a plasma ring outside the ECR interaction region was studied by changing the 
magnetic field profile in CERA-RI-2: the ECR region was shifted to the resonator axis and the diagnostic 
system was modified to use two single electrical probes that could move in the radial and azimuth 
directions. Earlier measurements [9] had been carried out with single fixed electric probes. 

The plasma source diagram is shown in Fig. 1 [12]. It consists of a narrow cylindrical coaxial 
resonator (7.0 cm in diameter, 1.0 cm in height) with one of its walls (2) being a replaceable electrode. 
The working gas was fed directly into the resonator region. The HF power (ω0 = 1.5·1010 rad/s) was 
supplied to the axial electrode of the resonator. The supplied and reflected HF power was measured using 
a directional coupler. The azimuthally symmetric stationary magnetic field was generated by annular 
magnets containing a branch pipe made of a soft magnetic material. The ECR region is at distance z = 0.5 
cm from the end wall of the resonator and at distance Rc = (1.2±0.2) cm from its axis. 

 

 
Figure 1. Diagram of the plasma source. 1 − cylindrical resonator casing, 2 − end wall of the resonator, 3 − annular magnets, 4 
− branch pipe made of a soft magnetic metal, 5 − central electrode of the coaxial resonator, 6 − location of the probe moving in 
the radial direction, 7 − position of the probe moving in the azimuth direction, 8 − working gas feed, 9 − location of the HF 
diagnostic antenna. 

 
In this study, we used single longitudinally oriented electric probes capable of moving in the radial and 

azimuth directions. The active parts of the radially and azimuthally moving probes were located at a 
distance of 0.5 cm and 0.1 cm from the end wall of the resonator, accordingly. The radial location of the 
probe moving in the azimuth direction was determined based on the results of preliminary studies, 
consisting in determining the operating mode of the plasma injector (working pressure and supplied HF 
power), in which a plasma ring with an increased particle concentration is detected in the region remote 
from the ECR interaction zone. The phase correlations of the oscillations of the plasma particles in the 
remote plasma ring were determined by the displacement of the signals recorded by the probes moving in 
the radial and azimuth directions.  

The current-voltage characteristics of a single electrical probe were recorded and processed 
automatically with a software. A turbomolecular pump (TMN 500) was used for the study. The below 
values of the working gas pressure in the vacuum system of the device were measured by a conventional 
method. 

 
 

3. EXPERIMENTAL RESULTS 
 
Figure 2 shows the radial distributions of ionic saturation currents and amplitudes of LF oscillations for 
the HF discharge in Ar (PHF = 20 W). It was established that the floating potential in the region of the 
plasma ring formation (R = (1.8−2.2) cm) was minus (15±5) V, the electron temperature was Te = 
(17±4) eV, and the concentration exceeded the critical value for the used HF field frequency. At the 
same time, plasma near the ECR region of the interaction was a two-temperature one with Te = (17±4) 
eV and (35±7) eV.  
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In the ECR region, the frequency of stable particle oscillations was 72 kHz for PAr = 0.84·10-4 Torr 
and 60 kHz for PAr = 0.98·10-4 Torr, and in the region of the remote plasma ring was 89 kHz and 77 kHz 
for PAr = 0.84·10-4 Torr and PAr = 0.98·10-4 Torr, accordingly.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

 

 

 

 

Studies aimed at determining the cause of the phase pattern of oscillations showed [13] that it is a local 
inhomogeneity in the resonator region. The experiments were performed with a blind end wall of the 
resonator (Fig. 1) and with holes in the wall at an angle of π/2 at distance Rφ from its axis, one of which 
holes was used to insert the electrical probe and the other for recording oscillations with a photoelectric 
detector. It was found that with a blind wall, oscillations are recorded but do not have a phase pattern, 
which appears when the probe is inserted into the resonator to a depth of more than 0.3 cm. 

In order to identify the type of the wave forming oscillations in plasma, we performed experiments to 
record their frequency for HF discharges in Xe, Ar, and N2. It was found that, other conditions being equal 
(electron temperature (20 ± 5) eV, Rφ ≈ 2.1 cm), phased oscillations are recorded in the region where 
plasma with an increased concentration of particles occurs, and the frequency of such oscillation was f ~ 
(1 / М )1/2,  where M is the atomic mass of the ion (see Table). The spectra of the recorded oscillations are 
shown in Fig. 5. Based on the results obtained, we assume that it is an ion-acoustic wave.  

 
Table 

(fAr / fXe) (MXe / MAr)1/2 (fAr / fN) (MN / MAr)1/2 (fXe / fN) (MN / MXe)1/2 
1.65 1.81 0.54 0.59 0.32 0.33 

The obtained results of the remote 
plasma ring localization allowed identifying 
the region location, moving in the azimuthal 
direction of the electric probe (Rφ = (2.0 ± 
0.1) cm), used to measure the LF oscillation 
phase shifts with respect to the reference 
probe, previously used to measure the radial 
distribution of the plasma parameters. The 
reference probe was located at distance Rφ 
from the resonator axis. Figure 3 shows the 
measurement results (ECR discharge at 
pressure PAr = 0.98·10-4 Torr); Figure 4 
shows the spectrum of high-frequency 
oscillations, recorded in the HF wave 
reflected from the resonator. 

Figure 3. Dependence of the phase of LF oscillations from 
the angle of rotation of the moving probe (Δφ) with respect 
to the reference probe. The upper beam in the oscilloscope 
record is the signal from the reference probe, and the lower 
one is from the probe moving along φ. The azimuthal 
position of the moving probe relatively to the reference 
probe was: 1 – ∆φ = π, 2 – ∆φ = 3π/4, 3 – ∆φ = π/2.   

 

 

Figure 4. Spectrum of high-frequency 
oscillations. The scan scale is 200 kHz/div. 

Figure 2. Radial distribution of the ion saturation current  
(I, solid lines) and amplitudes of LF oscillations (A, dotted 
lines) for different working gas pressures in the system 
(PAr). ▲, ♦  – PAr = 0.84·10-4 Torr;  ■, ● – PAr = 0.98·10-4 

Torr.  
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Figure 5. Spectra of low-frequency oscillations of ECR discharges in xenon, argon, and nitrogen. 
 
 
4. CONCLUSIONS 
 
It was experimentally established that the wave forming phased oscillations in axially symmetric plasma 
with an increased particle concentration is an ion-acoustic wave excited in the region with local 
inhomogeneity of the electric HF field intensity. 
 
The publication was prepared with the support of the Russian Science Foundation (project No. 17-12-
01470). 
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Abstract. This reports the results of experimental studies of the spectral and photometric characteristics of radiation 
generated by a pulse-periodic microwave (2.45 GHz, time-duration – 2 ms, repetition rate – 10 ms, pulsed input 
power up to 400 W) ECR plasma of initial vacuum. Quite often in gas–plasma physics the phenomenon of nonlinear 
and turbulent behavior of parameters is observed. In our experiments was found change abruptly and hysteresis оf 
radiation intensity as well as absorbed UHF power occur only as pressure of plasma-forming gas (Ar, He) was 
varied. At certain pressures (~5·10–3 and ~0.9(for argon)/0.3(for helium) Torr), secondary ignition of discharge is 
observed, accompanied by the upward jumps in radiation intensity. It is found that at pressure between 5·10–3 and 
0.1 Torr hysteresis is observed in the illumination and absorbed power which precedes the transition from a low-
density mode plasma to a high-density mode. It is determined that when the pressure is increased in above range, the 
radiation intensity is twice as high as when the pressure is reduced. The obtained experimental data also showed the 
efficiency of converting UHF energy into radiation at a pressure above 0.3 Torr. The maximum intensity of 
radiation obtained at a power of 270 W. These values were 450 lx for argon at a pressure of 9 Torr and 270 lx for 
helium at a pressure 0.8 Torr. Probe measurements show that the electron concentration in this mode is significantly 
higher than the critical value for the operating frequency of UHF. The observed hysteresis is probably due to 
nonlinear processes associated with the balance of ionization. 

 
 
 
1. INTRODUCTION 
 
Resonant generation of the microwave plasma confined by an external magnetic field of a mirror trap 
eliminates need for application of the strong microwave electric fields and has significant effect on the 
level of a energy consumption necessary for achievement of a high degree of ionization. Discharges under 
electron cyclotron resonance (ECR) conditions are of particular interest because of their attractive 
features: wide range of operating pressures, high degree of ionization and generation plasma with a 
density above the critical value. In addition, discharges of this type have the ability to easily control of 
plasma parameters. 

The advantage of the pulsed mode of the discharge is that with the same, in comparison with the 
stationary discharge, the average input power in the pulsed mode, it is possible to create a plasma with 
higher values of temperature and density. Moreover, in this type of the discharge significantly increased 
radiation fluxes from the plasma, improving the luminous characteristics of the radiation increases, its 
energy efficiency as the light source. 
 
 
2. EXPERIMENTAL SETUP 
 
The resonance microwave discharge was formed in the cylindrical quartz flask located in the TE111 
resonator placed in a magnetic field of the mirror trap (R= 2, L=10 cm) created by permanent magnets 
with the system of closed magnetic circuit made of permalloy. Changing the position of the magnets with 
adjusting screws have provided reorganization of a magnetic field of the trap. Thus, an induction of a 
magnetic field in a minimum of a magnetic trap could change from 750 to 950 Gs. To working frequency 
of the generator there corresponded an induction of a magnetic field 875 G. The working range of 
pressure of plasma-forming gas changed in the range from 1·10-5 to 100 Тorr. The residual pressure in the 
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flask was no higher than 10–5 Torr. The pulsed operation of the magnetron generator was provided with 
the modulator. The modulator scheme allows one to vary the duration and repetition rate of pulses.  
In the described experiments the pulse duration was 2.0 ms, while the pause of 8 ms. Earlier [1] it was 
shown that in the range of working parameters the low-temperature (Te = 3÷5 eV) with a high degree of 
ionization (1·10-3÷5·10-5) plasma up to the over dense (ne = 1·1010÷4·1011 cm-3) is created. 

The experimental setup was equipped with several diagnostic systems. Optical spectroscopy was 
carried out using a monochromator-spectrograph MS3504i. The behavior of the integral light intensity in 
time was recorded by a high-speed photodetector (SD3421/5421, 500–1100 nm, time constant 15 ns) with 
a linear dependence of the output voltage on the radiation intensity in the spectral sensitivity region. The 
detector was attached to a vacuum-tight window with UV-glass and detected radiation in a direction 
perpendicular to the side surface of the resonator. The solid angle of the detector covered almost the 
entire volume of the quartz flask. The signal from the detector was fed to the digital oscilloscope. 
Illumination was recorded using a certified photometers ТКА-ПКМ С051 (380—760 nm) with a range 
from 10 to 200000 Lux (error of ± 8,0%). Optical detectors of the photometers were installed in the 
process of measurements similar to the photodetector. The input and reflected microwave power were 
controlled during the experiments. The percentage of power absorbed by the discharge was determined as 
the ratio of the difference of the input and reflected power (Pin-Pout) to the input power of the Pin. 
 
 
3. RESULTS AND DISCUSSION 
 
The study of the discharge behavior from the plasma-forming gas pressure was carried out at different 
values of the invested power (up to 600W). A typical type of light dependence on pressure is shown in 
Fig.1. When the first threshold pressure P~5·10–3 Тоrr passes, the illumination produced by the discharge 
increases by an order of magnitude. Changing the mode of discharge generation with increasing pressure 
is accompanied by a significant decrease in the breakdown time. If at pressures below the threshold for 
the breakdown of the discharge requires ~12 µs, then after switching to the efficient generation mode, the 
discharge is punched for a time of ~1.5 µs (Fig. 1). For breakdown at pressures below the threshold, 12 µs 
is required, and changeover to the efficient generation mode the break-down time of the discharge is 
about ~1.5 µs (Fig. 1). 
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Figure 1. Dependence of illumination (I) and breakdown 
time (t) on pressure (250 W, 875 Gs, аrgon). 

Figure 2. The dependence of the signal from the loop 
antenna (U) and the absorbed power (P) on the pressure (250 
W, 875 Gs, аrgon). 

 
When used as a working gas of helium, the increase in illumination begins at a higher pressure than on 

argon, but the General form of the dependences remains. In the same mode of operation of the magnetron, 
the maximum achieved illumination on helium is twice lower than for argon. 

The breakdown time for helium at low pressures is no different from the breakdown time in argon. At 
high pressures, the breakdown time in helium is almost twice the breakdown time in argon. Obviously, 
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this is due to the fact that under high pressures for the breakdown of helium electrons need more time to 
achieve the energy required for ionization, in addition, the cross-section of argon ionization at optimal 
ionization energy is an order of magnitude greater than the cross-section of helium ionization. Changes in 
the discharge generation mode are also well traced by the level of power absorbed by the discharge: an 
increase from 70% to 90-95% occurs (Fig.2). 

Ignition of discharge re-starts under pressure P2~0.9 Тоrr (argon) or P2~0.3 Тоrr (helium). This mode 
corresponds to the maximum light output level of the discharge. The experimentally recorded maximum 
illumination for argon was 1000 lux and 500 lux for helium. Despite significant changes in the 
illumination level at a pressure above P2, the amount of power absorbed by the discharge remains 
practically unchanged and remains at the level ~90%. 

Probe measurements show an increase in the electron concentration upon transition to regimes with an 
effective light output. At a pressure above P1, the concentration is above the critical value for the working 
frequency of the magnetron (>7,5·1010 cm-3). This is possible because of the small thickness of the 
plasma, comparable to the depth of penetration of the microwave wave. 
 
 
4. CONCLUSIONS 
 
The obtained experimental results indicate the effective transfer of microwave energy to the plasma. The 
change in the pressure of the plasma-forming gas over a wide range made it possible to study the features 
of the discharge formation under various conditions. The effect of "secondary" ignition was detected, 
accompanied by a threshold, sudden increase in the intensity of the light flux. It is shown that at a 
pressure of 1 Torr, for argon, the light output of the discharge is maximal. 
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Abstract. Electrode microwave discharge in nitrogen at pressure 1-9 Torr was studied by the method optical 
emission spectroscopy with spatial resolution. It is shown that the emission intensities of the nitrogen molecules and 
ion emission bands decrease with distance from the antenna. The ratio of the intensities of the nitrogen band at 337 
nm and the emission of the ion band at 391 nm is used to determine the microwave field strength. When a DC 
voltage is applied to antenna, the intensities of the emission bands after the fall begin to increase in the vicinity of 
the plane grounded electrode placed at the distance of 3 cm from antenna. Emission of the first negative nitrogen ion 
system has the highest intensity. The vibrational distributions of nitrogen molecules and their dependence on direct 
current and position between antenna and grounded electrode are determined. 

 

 

  

1. INTRODUCTION 
 
One of the tasks of physics of gas discharges is to find ways to control plasma parameters. This is 
important both for studying the fundamental properties of discharges, and for determining the possible 
directions of their use. One of the promising directions is the generation of plasma by using electric fields 
of different frequency ranges. 

The present work continues the study of an electrode microwave discharge (EMD) at reduced pressure 
in nitrogen [1−14] and series of studies of the effect of DC field on its parameters [4, 12, 13]. Previously, 
the influence of DC field on the plasma parameters was investigated [12] in the layer near the surface of 
antenna. In the present work, by means of emission spectroscopy, the discharge region between a 
cylindrical antenna and a plane grounded electrode located 2.5 cm away from it was investigated. 

 
 

2. EXPERIMENTAL SETUP AND METHODS OF DIAGNOSTICS 
 

Experiments were carried out on an installation described in detail in [15] (Fig. 1). The discharge chamber 
is a stainless steel cylinder with a diameter of 15 cm, with four windows for discharge observation, 
located in a cylindrical wall. An electromagnetic wave with a power of up to 200 W and a frequency of 
2.45 GHz was fed into the discharge chamber through a waveguide-to-coaxial junction, the central 
conductor of which is an electrode/antenna (5 mm diameter copper cylindrical tube with an internal 
diameter of 3 mm). It is introduced into the chamber through the upper end of cylindrical chamber along 
the axis (discharge axis) through the vacuum seal. The microwave power was varied within the limits of 
60-100 W. The antenna is isolated by a direct current from the grounded chamber that allows to change 
independently its potential. The DC voltage between the antenna and the camera varied from -200 to 
+350 V (the ballast resistor was of 8 kΩ). This paper presents results with positively biased antenna. 
Negative potential of antenna practically did not influenced the discharge. A grounded plane electrode 
with a diameter of 2.5 cm was placed at a distance of 3 cm from the end of the antenna.  

 

245



246 
 

 
Figure 1. Schema of experimental set-up.1 – electrode/antenna, 2 – isolator, 3 – 3-slab impedance transformer,  

4 – plasma, 5 – optical windows,  6 – waveguide-to-coaxial transformer, 7 – shorting plunger,  
8 – discharge chamber, 9 movable double probe, 10 – grounded electrode. 

 
The discharge camera is equipped with quartz windows to observe the discharge. The EMD is ignited 

near the end of the electrode/antenna. The luminous region of the discharge have a radially symmetric 
structure with a bright near-electrode region (region of self-sustained discharge) and a spherical outer 
region with a sharp boundary (region of a non-self-sustaining discharge). The region occupied by the 
luminous plasma is much smaller than the volume of the chamber. For visualization of the discharge 
(spatial distributions of the spectral radiation intensity of the discharge and along the line of sight) and the 
investigation of emission spectra in the 200−700 nm range, the unit is equipped with a nanosecond 
electron-optical video camera K-008, operating in a continuous recording mode and with AvaSpec-2048 
spectrometer (spectral resolution was of 1 nm). A quartz condenser projected a plasma image to the plane 
of the input aperture of the movable optical fiber. The fiber could move in the axial direction from the end 
of antenna to the grounded electrode (the spatial resolution of the system was not worse than 0.1 mm) 
giving the spatial distribution of plasma emission. 

Experiments were carried out in nitrogen at pressures of 1−9 Torr, incident microwave power of 80 W 
and flow rate of 60 cm3/min under normal conditions. The gas was fed through a channel in the top 
chamber cover. The MKS system, consisting of a controlled flowmeter, a throttling tap and a capacitive 
pressure meter (Baratron), was used for independent control of pressure and flow. 

 
 

3. RESULTS AND DISCUSSION 
 
Results of measurements are presented in Fig. 2, a−h. They can be summarized as follows. 
1. In the absence of direct current, the luminous area at the antenna is surrounded by dark space. When a 

DC voltage is applied, a glow appears in the area of a grounded flat electrode. 
2. The spectral composition of the discharge radiation near the antenna is represented by bands of the 

first and second positive systems of nitrogen and weakly depends on the direct current (Fig. 2a, b, g). 
This confirms the earlier conclusion that, due to the high concentration of electrons at the antenna 
region, the applied DC voltage is concentrated in the peripheral regions of the microwave electrode 
discharge [4] and the discharge at the grounded electrode is a DC discharge, and in the experiments 
under consideration, this electrode is a cathode. 

 
 

246



247 
 
 
 
 
 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Results of OES measurements. 
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3. The spectral composition of radiation in the region of a grounded electrode at low currents is 

represented by bands of the first positive nitrogen system, The radiation of the second positive and first 
negative nitrogen systems appears with increasing current. The intensity of the latter prevails over the 
intensity of the second positive system with increasing DC current (Fig. 2c, d, h). 

4. The vibrational distribution of nitrogen molecules in the С3Пu state near the antenna is not Boltzmann 
and weakly dependent on the direct current (Fig. 2e). 

5. The vibrational distribution of nitrogen molecules in the С3Пu state near the grounded electrode is not 
Boltzmann, the excitation temperature of the first level is lower than that in the antenna region and 
increases with increasing DC current (Fig. 2f). 

6. The microwave field near the antenna was 
determined at pressures 1−9 Torr from 
comparison of measured and calculated 
ratios of intensities of the second positive 
and first negative bands of nitrogen. The 
Boltzmann equation was used in 
calculations ration of intensities assuming 
the direct electron impact excitation and 
results are shown in Fig. 3. It was shown 
that the value of microwave field does not 
depend on the DC current. Peak values of 
the field increase with pressure and lay in 
the interval 410–880 V/cm at pressures 1 
–9 Torr. 

            
Figure 3. Calculated  ratio of intensities of 2+ and 1- bands.  
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Abstract. In this paper, implemented version of the scenario process gyromagnetic autoresonance (GA) in the 
reverse magnetic field of the mirror system. A detailed study of the spectral-angular distribution of bremsstrahlung 
in different operating modes was carried out. The experimentally observed pattern of changes in time of 
bremsstrahlung intensity corresponds to the dynamics of the generated plasma bunches with an energetic electronic 
component obtained by numerical simulation, both in the GA phase and in the confinement mode. 
 

 
 
1. INTRODUCTION 
 
The well-known and traditionally used methods for obtaining plasma bunches with an energetic electronic 
component in the combination of electromagnetic and magnetostatic fields or with the help of adiabatic 
magnetic compression, although they are widely used, require the use of powerful power sources. In 
addition to these methods of obtaining such plasmas, it is possible to obtain it under electron cyclotron 
resonance conditions (ECR) in an adiabatically increasing in time [1, 2] or in space [3] magnetic field, the 
gyromagnetic autoresonance (GA) effect. During this process the relativistic change of the electron mass 
is automatically compensated by change of the magnetic field and resonant conditions are fulfilled. This 
leads to the formation of a long-lived relativistic plasma bunch, which has the form of an ion-filled cloud 
of energetic electrons with an average energy on the order of several hundred keV confined by the 
external magnetic field. Thus, the GA-effect belongs both to plasma physics and charged particle 
accelerator physics, and the sphere of its applications may be very wide such as, collective ion 
acceleration, obtaining high-charge ions, creating pulsed sources of hard bremsstrahlung. 
 
 
2. EXPERIMENTAL SETUP AND NUMERICAL MODEL 
 
The experimental setup is a cylindrical microwave resonator (mode TE118, resonance frequency 2.45 
GHz) placed in an axisymmetric magnetic field of the extended mirror configuration (mirror ratio R = 
1.2, L = 80 sm) with induction of the magnetic field at the minimum of the 1200 G trap. A stationary 
magnetic field is created by three pairs of coaxial coils fed by three DC sources.  

 
-5,0x10-4 0,0 5,0x10-4 1,0x10-3 1,5x10-3 2,0x10-3

0

1

2

3

4

5

C) D)В)

A
m

pl
itu

de
, U

 (V
)

Time, t (sec)

 Microwave power
 Pulsed magnetic field

А)

 
Figure 1. The 3D-design of the experimental setup (a), the duty cycle of the setup (b). 
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The pulsed magnetic field required for the implementation of the GA regime is generated by the pulsed 
current flowing through a pair of coils axisymmetric with the cavity and the coils of the stationary 
magnetic field. The coils of the pulsed magnetic field are placed symmetrically with respect to the 
position of the minimum of the magnetic field in the trap in antinodes of the electric field of a standing 
wave TE118-mode. The 3D-design of the experimental setup, together with the axial distribution of the 
induction of the resulting magnetic field at different times of the current rise time in the reversing coils of 
the pulsed field is presented in Fig. 1a. The direction of the current in the pulsed coils provides the 
creation of a pulsed magnetic field with direction of the induction opposite to the induction of the 
stationary field, thus reduce locally the stationary magnetic field to a level corresponding to the ECR 
value for the operating frequency. The reduction of the current in the pulse coils and the restoration of the 
initial profile of the stationary magnetic field in the presence of the microwave field ensure the trapping 
and acceleration of the initial plasma electrons into the GA regime and the generation of plasma bunches 
in two symmetrical zones of the setup. The operating cycle of the setup is a current pulse in pulsed 
magnetic coils with a duration of 900 µs, synchronized with the forward front of the microwave pulse 
with a duration of 1.1 ms. The duty cycle of the setup is shown in Fig. 1b: phase A – reduction of the 
resulting magnetic field to values of the ECR within of two zone of the trap, the phase B − formation of 
initial plasma under ECR in two local zone of the trap, phase C – mode of GA-effect, stage D – 
confinement mode of the produced plasma bunch in a stationary field of the mirror trap. Power supply 
systems allow to realize pulse periodic operation of the unit with a duty cycle of 35. The oscillograms of 
the microwave and magnetic field pulses (working cycle) characterizing the script of the experiment are 
presented in Fig. 1b. The restoration of the initial profile of a stationary magnetic field with small 
gradients leads to the movement of produced bunches to the region of the minimum of the trap and their 
accumulation. The unit operates in a pulse-periodic mode with a variable duty of GA-cycle. 

The evolution of plasma parameters has been also studied through 3D modeling. The numerical model 
built based on the PIC method of particles in a cell with allowance for electrostatic interactions, described 
in detail in [4], was adapted to the study of the processes of plasma bunches creation in a long magnetic 
mirror. 
 
 
3. RESULTS AND DISCUSSION 
 
The experimental setup was tested under the following conditions: the pressure of the plasma-forming gas 
varied from P = 1∙10-5 Torr to P = 5∙10-5 Torr, the microwave power of heating varied from 800 W to 
5000 W, the microwave duration τ = 1.1 ms, T = 35 ms, the magnitude of the reverse magnetic field 
varied from 375 to 500 G, and the value of the static magnetic field strength at the locations of the reverse 
field coils was 1250 G.  

The simulation was carried out for the following main parameters: the microwave field intensity 
E=0.25...3.00 kV/cm, the initial plasma density n=1010 cm-3, the rise (decrease) time of the pulsed 
magnetic field 5 μs, the minimum value of the magnetic field in local magnetic traps B=870 G, the 
microwave field is turned off after the magnetic field’s profile recovery. 

X-ray radiation was detected by two identical detectors based on the NaI (Tl) scintillator, 40x40, with 
magnetic shielding elements in the direction both orthogonal with respect to the magnetic field vector in 
the central part and along the end of the installation. Radiation from the interaction region was registered 
by detectors through aluminum windows, 1 mm thick. Both detectors were located in lead shields 1 cm 
thick, to reduce the influence of background radiation. 

The experimental study of the spectral characteristics of the bremsstrahlung radiation allowed to obtain 
the dependences of the maximum achievable energy of the plasma injection electrons accelerated in the 
reverse GA mode on the amplitude of the pulsed magnetic field presented in Fig. 2. 

The distinctive features of the recorded bremsstrahlung spectra are that the maximum energy detected 
in the transverse direction is clearly determined by the amplitude of the pulsed magnetic field and reaches 
its maximum value (300 keV) at Bpulse = 500 G (Fig. 2a). It should also be noted that the bremsstrahlung 
spectrum in the longitudinal direction is recorded mainly in the ECR phase of duty cycle at the phase of 
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primary plasma creation. Registered maximum energy of these spectra didn’t exceed 55−70 keV and does 
not depend to the magnitude of the amplitude of the reverse magnetic field (Fig. 1b). 

50 100 150 200 250 300 350
101

102

103

104

105

106

107

108
 Вpulse = 375 G

 Вpulse = 405 G

 Вpulse = 435 G

 Вpulse = 500 G

N
um

be
r o

f c
ou

nt
s, 

N

Energy, E (KeV)  
а) 

30 40 50 60 70 80 90 100
101

102

103

104

105

106

107

108  Вpulse = 375 G

 Вpulse = 405 G

 Вpulse = 435 G

 Вpulse = 500 G

N
um

be
r o

f c
ou

nt
s, 

N

Energy, E (KeV)  
b) 

Figure 2. The spectral characteristics of the bremsstrahlung: a − transverse field component Bz, b − Bz along the field 
component magnitude of the pulsed magnetic field. 

 
Of great interest from the point of view of particles trapping in GA is the time of implementation of 

phase creation of primary plasma under ECR within time duration of duty cycle 1.1 mS. Figure 3 shows 
the bremsstrahlung spectra of primary plasma under ECR at different instants within the microwave 
pulse. As can be seen from Fig. 3a, the maximum trapping is observed at 700 μs after the start of the 
microwave pulse. 
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Figure 3. Bremsstrahlung spectra at various time points starting plasma in GA injection mode a − transverse field component 
Bz, b − the components of Bz along the field. 

 
The steady-state existence of a spatially isolated region of X-ray radiation due to the interaction of fast 

electrons with atoms of the plasma-forming gas indicates that as a result of the cycle of GA acceleration. 
A stable plasma bunch with energetic electron of several hundred keV scale is formed in the working 
volume and is retained for a long time in the magnetic trap of a classical mirror trap. This is confirmed by 
experiments on X-ray imaging (Kodak MXG film) when a flat target-probe immersed along the radius of 
the resonator’s midplane (Ta-target, 8x5 mm). The film was located at a distance of about 1 m from the 
central part of the resonator where the target was located. To obtain a clearer image of the plasma 
formation, a pinhole camera with a lead diaphragm (5 mm thick) and a 1.5 mm diameter hole was used. 

  
Figure 4. Radiographs immersion flat target into the plasma volume. 

(a) (b) 
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In Fig. 4, where in addition to the target image there are two ring formations, the first one − of larger 
diameter due to the background radiation from the cavity’s walls, the second formation of smaller 
diameter is a consequence of the interaction of the electrons of plasma bunch with gas. Figure 3 clearly 
shows an area with higher contrast, which is most likely due to thermal spray of the target metal and gas 
desorption from the target surface due to its thermal heating and subsequent interaction of metal and gas 
particles with the electron of the bunch. The processing of the X-ray patterns made it possible to 
accurately determine the radius of the plasma bunch, which is on the order of 2.5−3 cm. 

Detection of bremsstrahlung when a flat target was immersed in the central part of the resonator, 
perpendicular to the direction of the magnetic field, made it possible to determine the distribution profile 
of the hot electronic component. Figure 5 shows the integral characteristics of bremsstrahlung from the 
target, where it is seen that there is a pronounced intensity maximum corresponding to the radius of the 
bunch, estimated using the X-ray imaging presented in Fig. 4. 
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Figure 5. Spectral characteristics and integral bremsstrahlung in immersion flat target, a − along the field component Bz,  
b − transverse field components Bz. 

 
Measurements showed that the intensity of bremsstrahlung radiation depends on the orientation of the 

target, and the maximum is observed at angles close to 90º, which indicates the directional movement of 
electrons in the bunch. From the results obtained, when the target is immersed, one can obtain a 
simplified representation of the nature of the motion of a bunch of relativistic electrons and describe its 
motion in the form of rotation around the leading center, relative to the axis of symmetry. 
 
Acknowledgements 
 
The study was supported by a grant from the Russian Science Foundation (Project No. 17-12-01470). 
 
References 
 
1. Andreev V.V., Chuprov D.V., Ilgisonis V.I., Novitsky A.A., Umnov A.M., Physics of Plasmas, 2017, 

24, 093518, doi: 10.1063/1.4986009. 
2. Andreev V.V., Novitsky A.A., Korneeva M.A., Umnov A.M., Plasma Physics Reports, 2017, 11, 

1114, doi: 10.1134/S1063780X17110010. 
3. Friedland L., Phys. Plasmas, 1994, 1, N 2, 421, https://doi.org/10.1063/1.870843. 
4. Andreev V.V., Umnov A. M., Plasma Sources Sci. Technol., 1999, 8, 479, doi.org/10.1088/0963-

0252/8/3/318. 

252

https://doi.org/10.1063/1.870843
https://doi.org/10.1088/0963-0252/8/3/318
https://doi.org/10.1088/0963-0252/8/3/318


253 
 
ECR DISCHARGE AS A SOURCE OF INTENSE PLASMA FLUXES WITH HIGH 
IONIZATION DEGREE 

 
 

R. A. Shaposhnikov, S. V. Golubev, I. V. Izotov, R. L. Lapin, S. V. Razin, A. V. Sidorov, 
V. A. Skalyga, A. F. Bokhanov, M. Yu. Kazakov 

Federal Research Center “Institute of Applied Physics of the Russian Academy of Sciences",  
Ul`yanova Str., 46, Nizhny Novgorod, 603950, Russia  

 
 
 

Abstract. Nowadays one of the widespread types of ion sources is systems with plasma heating by microwave 
radiation in a magnetic field under conditions of the electron cyclotron resonance (ECR) – ECR ion sources. The 
main direction of the ECR ion sources development is an increase of the extracted ion beams current. The use of 
gyrotrons as a source of millimeter wave radiation in an ECR discharge makes it possible to obtain plasma with high 
electron density (> 1013 𝑐𝑐−3), electron temperature at the level of 50−300 eV, low ion temperature at the level of 
1 eV, and high ionization degree close to 100%. There are various configurations of the magnetic field, which can 
be used for plasma confinement: a simple mirror magnetic trap, a cusp or even a single solenoid field. In the 
framework of recent research it was demonstrated that using of the gyrotron radiation with frequencies of 37.5 and 
75 GHz allows to obtain plasma fluxes with densities up to 10 𝐴/𝑐𝑐2. The low temperature of plasma ionic 
component makes it possible to use such plasma fluxes for formation of ion beams with high current density and 
low emittance, which opens the possibility for using of these systems in many applications. Recent research in this 
direction in the Institute of Applied Physics is aimed at development of a point-like neutron source using a sharp 
focusing of the high-current deuteron beams on a deuterium saturated target and also at the formation of high-
current ion beams with large apertures (about 10 cm). The latest results in these fields will be presented in this 
report.  

 
 
 

1. INTRODUCTION 
 

Electron-cyclotron resonance (ECR) ion sources are one of the most widespread types of systems for 
producing ion beams. Previous experiments in IAP RAS were aimed at creating sources of multiply 
charged ions with a high plasma density in such magnetic field configurations as open magnetic trap and 
cusp. It was demonstrated that in such systems the electron concentration can reach values 1013 𝑐𝑐−3, 
electron temperature at the level of 100 𝑒𝑒, and the ion beam current has record values up to 500 𝑚𝑚 
[1−3]. System which is based on the ECR discharge in one solenoid magnetic fields has prospects for 
producing sources of singly charged ions and formation of plasma fluxes with large apertures as an 
alternative to existing magnetic plasma confinement systems. This paper is concerned with an 
experimental investigation the transversal plasma fluxes distribution and measurements of plasma 
parameters obtained in the ECR discharge in a single magnetic coil sustained by a powerful millimeter-
wave gyrotron radiation. 
 
 
2. EXPERIMENTAL RESULTS 
 
The experiments were carried out at the IAP RAS on facility SMIS 37 (see Fig.1), partly modified the 
single coil studies. Gyrotron radiation at the frequency of 37.5 GHz with the power up to 100 kW and 
pulse duration up to 1.5 ms was used for electron heating and discharge ignition. The microwave 
radiation is launched through a quasioptical system into the discharge chamber with diameter of 68 mm 
and 250 mm long placed inside pulsed magnetic coil. Magnetic field in the centre of the coil varies from 1 
to 4 T. ECR value of magnetic field for the frequency of external electromagnetic radiation 37.5 GHz is 
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1.34 T. The operating gas (hydrogen) was inlet into the discharge chamber in pulsed mode along the axis 
of the magnetic system through a gas-entry system integrated into the electrodynamic system for 
microwave radiation injection. To control neutral gas inlet the pressure in the gas buffer chamber above 
the gas valve was varied from 0.25 atm. up to 0.92 atm. 

 
Figure 1. The scheme of experimental facility SMIS 37. 

 
The first experiments were aimed to determine breakdown conditions in this system. At the first step 

experiments with a constant neutral gas injection were performed to study the possibility of the discharge 
ignition and to determine a threshold microwave power for it at various pressures. Breakdown curve 
plotted according to the experimental data is shown in Fig. 2. Also it was demonstrated that discharge 
could be realized only if maximum magnetic field in the chamber is above ECR value. 

The second part of the experiments was aimed to measurements of transverse profile of the plasma 
flux outgoing along the axis of magnetic system. During the experiments, the parameters of the system 
were optimized in such a way as to achieve the most homogeneous plasma flux radial distribution. The 
measurements were carried out using a Langmuir probe moved both in the radial and in the axial 
directions. As a result of experiments, the plasma flux profiles were measured at various distances from 
the center of the magnetic coil.  

Example of the radial plasma flux distribution at the distances from the center of the magnetic coil of 
31, 21, 12, 10 and 8 cm at gyrotron power 𝑄 = 100 𝑘𝑘 and at the value of magnetic field at the center of 
the probe 𝐵𝑐 = 2.16 𝑇 is shown in Fig. 3. The vertical axis represents the density of the plasma flux, the 
horizontal axis represents the radial coordinate. 

 

 
Figure 2. Breakdown threshold curve for hydrogen. 
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Figure 3. Plasma flux distribution in a cross section, d − distance between the probe and the centre of the coil. 

 
The third part of the experiments was devoted to measuring the plasma parameters obtained as a result 

of the ECR discharge in the magnetic field of a single solenoid. During the experiments, the plasma 
density was measured at a distance of 31 cm from the center of the magnetic coil at different gyrotron 
powers, result is presented in Fig. 4. It is clearly seen from the dependence that the plasma density in the 
discharge increases with the microwave power and reach values 1010𝑐𝑐−3. Measurements of the plasma 
density at various magnetic fields were also done. It is clear from the Fig. 5 that plasma density increases 
with the growth of the magnetic field.  

 
Figure 4. Dependence of plasma density on the gyrotron power, d = 31 cm. 

Figure 5. Dependence of plasma density on magnetic field. 
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The final part of the experiments was concerned with optimization of system parameters on purpose to 
obtain the maximum electron density in the discharge and to measure the current density of the ion beam. 
The maximum electron density in the center of the magnetic coil obtained in the experiments was 
𝑁𝑁𝑚𝑚𝑚 = 2 ∙ 1013𝑐𝑐−3, and the electron temperature was in the range 10 − 30 𝑒𝑒. The ion beam current 
reached 15 mA through a hole with a diameter of 1 mm, which corresponds to the ion current density of 
𝑗𝑚𝑚𝑚 ≈ 1.5 𝐴/𝑐𝑐2.  

 
Figure 6. Ion beam current dependence on the extraction voltage. 

 
 
3. CONCLUSIONS 
 
Experimental results obtained during the investigation of ECR discharge in one solenoid magnetic field 
demonstrated the possibility of producing wide-aperture plasma fluxes with a homogeneous radial 
distribution at different distances from the magnetic coil. It was also demonstrated that the plasma density 
increases with gyrotron power and magnetic field. As a result of the experiment parameters optimization 
plasma density of 𝑁𝑁𝑚𝑚𝑚 = 1013𝑐𝑐−3 and the electron temperature at the level of  𝑇𝑇 ≈ 10 − 30 𝑒𝑉 
were obtained. Density of ion current extracted through the 1mm hole reached record values 𝑗𝑚𝑚𝑚 ≈
1.5 𝐴/𝑐𝑐2. Thus, these experimental results demonstrate that such system has clear prospects for 
producing of a wide-aperture plasma fluxes with high current density.  
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Abstract. Over the past two decades, the scientific and technological community has made significant efforts to 
develop, maintain and use atmospheric non-thermal plasma (ANTP) because of its numerous scientific and 
industrial applications. A hardware complex was designed and manufactured to produce low-temperature 
microwave plasma at atmospheric pressure. ANTPs are generated by a diversity of microwave electrical discharges 
such as dielectric barrier discharges (DBD), atmospheric pressure plasma jet (APPJ) and atmospheric pressure 
Argon streamer plasma. A feature of the developed complex of equipment is the presence of a powerful (up to 
3 kW) and inexpensive magnetron microwave generator with its power source. In addition, the equipment includes 
three types of applicators, splitter, cable assembly and water load. The splitter allows an adjustable sampling of 
microwave power from the waveguide path to the payload by 50 Ohm coaxial cable in the range from 0 to 400 W. 

 
 
 
1. INTRODUCTION 
 
At present, there is an urgent need for economical, simple and reliable sources of low-temperature plasma 
for use in promising areas of science, medicine, industry and agriculture. Low-temperature plasma, unlike 
the high-temperature, “hot” plasma, used in works on thermonuclear fusion, where the temperature is 
measured in millions of degrees, is non-equilibrium, that is, the temperatures of ions, neutrals and free 
electrons in it may differ by several orders of magnitude. This is because most of the electrical energy is 
embedded in the electronic component, while plasma ions and neutral components remain at a relatively 
low temperature. Traditional plasma generators, such as electric arc, high-frequency and microwave 
plasma torches produce plasma with operating temperatures from several thousand to tens of thousands of 
degrees, but according to the classification of physicists, such plasma also refers to low-temperature 
plasma. This subdivision is due to the importance of high-temperature plasma in the problem of 
controlled thermonuclear fusion [1]. 

Over the past two decades, the scientific and technical community has made significant efforts to 
develop, maintain and use atmospheric non-thermal plasma (ANTP) in which ions and neutral 
components remain at or near room temperature [2]. This allows the use of such ANT plasma for low-
temperature plasma chemistry and for the processing of heat-sensitive materials, including polymers and 
biological tissues. The unique properties of ANTP, which include a strong thermodynamic non-
equilibrium nature, low gas temperature, the presence of chemically active radicals and high selectivity, 
provide a huge potential for the use of “cold” plasma sources in a wide range of applications. The growth 
and importance of the ANTP technology and its application has spread to a large number of areas, such as 
environmental engineering, aerospace engineering, biomedicine, textiles, food and agricultural 
technologies, analytical chemistry and several others [3]. The unique capabilities and diverse applications 
of the ANTP technology are associated with its enormous potential for ensuring environmental 
friendliness and energy saving, technological flexibility and the ability to create new products and 
technologies. 

The purpose of this work is to present a universal hardware complex, designed to generate both 
traditional low-temperature plasma and two types of ANTP in the R&D works on new materials and 
technologies, and also to intensify existing technological processes. 
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2. DESIGN DEVELOPMENT 
 
The hardware complex in the basic configuration consists of a microwave generator with HV power 
supply, a set of replaceable elements of the waveguide system, a water load, a 50 Ω cable assembly with 
N-connectors and one or several ANTP applicators (Fig. 1). 

 

Figure 1. Schematic diagram of components and blocks of the hardware complex. 
 

The basis of the presented hardware complex is a low-budget the 2.45 GHz magnetron microwave 
oscillator with a high-voltage power unit built on the magnetrons, transformers and capacitors used in 
microwave ovens for domestic and industrial use [4]. The output power of the microwave generator can 
be changed discretely, in the range from 0.5 to 3 kW, the number of stages (three or more) and a specific 
set of power levels can be established in agreement with the customer. If the maximum required 
microwave power level does not exceed 1.5 kW, an air-cooled magnetron, such as LG-246, can be used. 
In the case of higher power, liquid cooling of the magnetron is necessary. 

The main elements of the waveguide system are made of stainless steel on the basis of a standard 
rectangular profile of 100×50×2 mm3, with WR-340 flanges size. In the basic configuration, the 
waveguide path is loaded onto the final resonant water load. Between the output of the microwave 
generator and the load, the waveguide path elements from the next set can be placed. 

1. The microwave plasma torch on the main type H01 oscillations in the waveguide. Continuing our 
traditional principle of maximum use of the ready-made components, now we supply our microwave 
plasma systems with plasma torches, built on the basis of standard threaded stainless steel and brass 
fittings for metal pipes [5]. Availability of fittings, at an affordable price and the huge assortment allows 
quickly select the configuration of the plasma burner for a specific task (Fig. 2, left). As the plasma 
temperature can reach several thousand degrees, water cooling of the support tube or the entire waveguide 
section creates opportunities for the implementation of long-term technological processes (Fig. 2, right). 

2. E-field concentrator of a step-by-step design or with a smooth change in the height of the waveguide 
serves to increase the electric field strength in the microwave plasma torch placement zone. The 
narrowing of the waveguide can be symmetrical or one-sided. 

3. An inductive-type splitter is a coupling loop located on a narrow wall of the waveguide. The design 
of the coupler allows you to change the communication value by rotating the loop plane, which is loaded 
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on the N-type coaxial connector. At the maximum coupling value, of about 14% of the microwave 
generator power branches off into the coaxial, while in the main waveguide the introduced reflections do 
not exceed 4%. 
 

 

Figure 2. Plasma jet on standard fittings (left) and additional water cooling. 
 

The payload (ANTP applicator) is connected to the splitter using a cable assembly that is a 50 Ω 
section of a flexible coaxial cable with N-type connectors at the ends. It is possible to combine a splitter 
and a microwave plasma torch in one node. 

One of the variants of the ANTP applicator design is shown in Fig. 3 on the left. The plasma reactor 
vessel and air cooling radiator are made of aluminum alloy, the protective body of the applicator is made 
of Teflon. The N-type cable connector is located on the applicator cover, here there is also a supply pipe 
for working gas (argon) and two chutes of the reactor forced air cooling system. 
 

       

Figure 3. ANTP applicator (left) and image of an Argon streamer discharge. 
 

The combustion region of the discharges at the ends of the applicator electrodes is as close as possible 
to the tip of the reactor flange, which allows to expand the temperature limits of the impact modes on the 
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treated objects. Initiation of the plasma discharge is carried out using a piezo ignition system located in 
the handle of the applicator, the ignition button is located directly on the end of the handle. A typical form 
of a streamer microwave discharge in Argon is shown in Fig. 3 on the right, here we can see a splitter 
combined with a microwave plasmatron section of waveguide system too. 
 
 
3. RESULTS 
 
Thus, a universal hardware complex of variable configuration for generation low-temperature microwave 
plasma at atmospheric pressure has been developed. It is designed for both laboratory and industrial 
applications. The general view of the complex is shown in Fig. 4.  

 

 

Figure 4. The general view of universal hardware complex for obtaining of low-temperature and ANT plasma. 
 

The development of new elements for the hardware complex continues. In particular, experimental 
studies are being conducted on the development of sources of an ANTP based on a dielectric barrier 
microwave discharge in a coaxial and waveguide structure, as well as on applicators for studying the 
interaction of microwave plasma with various liquids. To expand the technical and technological 
capabilities, the hardware complex can be additionally equipped with a microwave circulator, a 
contactless mobile waveguide short-circuiting plunger and strip directional couplers to measure the 
incident and reflected waves. 
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REPORT 
 

on the business meeting of the International Scientific Committee on "Microwave Discharges: 
Fundamentals and Applications" 

(September 5, 2018, Zvenigorod, Russia) 
 
The agenda of the meeting was: 
1. Regular changes (rotation) in the ISC. 
2. On the place of the XI-th Int. Workshop on " Microwave Discharges: Fundamentals and 

Applications". 
3.  Election of the Chairman of the ISC for the period of 2018-2021. 
4. On the Honorary members of the ISC. 

 
Decisions: 

1. Regular changes (rotation) in the ISC: 
a) Prof. H. Toyoda was elected as representative of Japan in the ISC; 
b) Members of the International Scientific Committee are: 

J. Asmussen (USA) 
P. Awakowicz (Germany) 
E. Benova (Bulgaria) 
F. Dias (Portugal) 
A. Gamero (Spain) 
E. Jerby (Israel) 
Yu. Lebedev (Russia, Chairman) 
A. Lacoste (France) 
M. Moisan (Canada) 
J.J.A.M. van der Mullen (Belgium) 
H. Toyoda (Japan) 

2. The XI-th Int. Workshop on Microwave Discharges: Fundamentals and Applications will take place 
in 2021 in Bulgaria. 

 
3. Professor E. Benova was elected the Chairman of the International Scientific Committee for the 

period 2018-2021. 
 
 

 

3-7 September, 2018, Zvenigorod, Russia 
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4. On the Honorary members of  the ISC: 

a) Professor  M. Nagatsu was elected the Honorary Member of ISC for his invaluable contribution to 
the development and success of the Workshop. 

b) Honorary members of the ISC: 
Prof. J. Marec (France) 
Prof. M. Kando (Japan) 
Prof. M. Nagatsu (Japan) 

 
Prof. Yuri A. Lebedev 
Chairman of ISC (2015-2018) 
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