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Abstract
This paper experimentally investigates the processes governing the single- and multi-filament
regimes in an atmospheric pressure microwave (MW) torch operated in argon. Optical
emission spectroscopy and spectral imaging are the principal diagnostics techniques which are
employed. MW power is found to be the main parameter controlling the number of filaments.
The single-filament regime exhibits many properties typical for surface wave discharges, e.g. a
linear decrease in electron density along the axis or the existence of a central dip in the
radial/lateral emission profiles. Simple geometric quantities, such as the length or thickness of
the filament(s), vary almost linearly with the input MW power, and exhibit discontinuities at
successive filament splitting events. These take place at similar values of filament maximum
thickness, and may be due to skin-depth limited power transfer. The presence and chemistry of
a low-emission intensity plasma shell surrounding the filament(s) is also investigated. The gas
temperature is estimated from the OH band and complemented by Schlieren imaging, which
revealed that a much larger cone of gas is being heated by filaments than is their diameter.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Plasma sources operating at atmospheric pressure are pre-
ferred in many applications [1–3] owing to their easy manip-
ulation, low maintenance, and reduced costs by avoiding the
vacuum systems.

However, the transition from a low to atmospheric pres-
sure often leads to new difficulties. An originally stable
diffusive homogeneous plasma may exhibit substantially dif-
ferent characteristics under new conditions, e.g. instabili-
ties, non-uniformities, etc [4–7]. Among these, a radial con-
traction [8], forming a relatively thin dense plasma channel
(filament) is one of the most common change that may be
encountered. A large proportion of atmospheric discharges
actually exhibit filamentary characteristics at the macroscopic
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or microscopic scale, e.g. lightning [9], sparks [10], arcs
[11], glow discharges [7], dielectric barrier discharges (DBD)
[12, 13], radio-frequency DBD jets (also known as atmo-
spheric pressure plasma jets-APPJ) [14, 15], etc. For each cat-
egory, the processes responsible for the channel contraction
may differ.

This paper focuses on microwave (MW) discharges, which
tend to be filamentary at atmospheric pressure. Various radi-
ally contracted plasma appearances have been reported, e.g. a
single fast rotating filament forming an apparent cone struc-
ture in a microwave plasma torch (MPT) [16], a short bright
filament (called dart) in an axially injected torch (TIA) [17],
or a single filament in a surfatron jet [18, 19].

The process of the radial contraction of MW discharges
has been most often studied using noble gases (Ar [8, 20], Xe
[21, 22], Kr, and Ne [23–25]) but recently, it has also been
investigated using CO2 [26]. A finite thermal conductivity of
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the gas leads to inhomogeneous heating [27], which was con-
sidered to be one of the main mechanisms [20, 23]. Later, it was
shown [8] (at least for MW surface-wave discharges (SWDs))
that it contributes to the contraction mainly by creating more
molecular ions (e.g. Ar+2 ) owing to a positive density gradi-
ent of neutral atoms. The dissociative recombination of these
molecular ions causes higher electron losses, promoting the
plasma channel radial contraction.

Under certain conditions, this dense plasma channel can
even split into multiple filaments in a process called multi-
filamentation. This phenomenon is usually observed at suf-
ficient power levels in rare gas plasmas sustained in large-
volume reactors or in free space, where plasma was not space
limited, e.g. in MW cavity plasma [28], large-diameter tubular
SWDs (surfatron [29, 30], surfaguide [31]), microdischarges
[32], or by focussed MW beams (Ar [33], air [34, 35]).

There is also an important role for the high-frequency exci-
tation of the plasma. The skin effect, which influences the
power transfer, has been proposed as another mechanism that
limits the high-frequency plasma diameter [24, 36], and thus
contributes to its radial contraction. As stated above, with suffi-
cient power, a configuration of multiple thinner filaments may
be naturally favoured over a single thick filament [4, 23]. By
investigating this multi-filamentation process in a MW cav-
ity, the authors in [28] showed that it is related to changes in
electron density, electron temperature, and the effective col-
lision frequency for momentum transfer. Another theoretical
study [37] showed that an increase in the electron–neutral col-
lision frequency with electron temperature is a required con-
dition for the multi-filamentation in recombination-controlled
discharges at elevated pressures.

While filament splitting can be generally chaotic, the multi-
filamented atmospheric pressure SWDs in tubular reactors
often exhibit quite neat, quasi-parallel filaments with the elec-
tric field of the surface wave (SW) oriented axially [38]. In that
paper, it was reported that their mutual distance decreases as
their number increases, and they tend to be stationary in still
argon atmosphere. Their origin was attributed to the develop-
ment of ionisation-overheating instability. A variation of their
number was supposedly caused by the interference of electro-
magnetic fields scattered by the filaments, and an arrangement
that achieves the maximum absorbed power was presented.

Atmospheric pressure MW plasmas found their applica-
tions in areas such as surface treatment [39, 40], plasma
medicine [41], hydrogen production [42], CO2 conversion
[43, 44], nanomaterial synthesis (nanoparticles [45, 46], nan-
otubes [47, 48], and graphene [49, 50]). In many of these appli-
cations, a filamentary or multi-filamentary character is actu-
ally undesired, and different approaches have been devised to
prevent it.

Plasma jets may confine the plasma inside a small-diameter
dielectric tube to prevent the multi-filamentation by the damp-
ening of small perturbations via a diffusion to the walls (radius
limitation effect) [51]. It is also often used to facilitate spatial
and temporal measurements on single-filament plasmas [52].

Another approach is to use an admixture to prevent radial
contraction and multi-filamentation, as was shown in the study

by Martinez et al [27]. Their pure rare gas (Ne) plasma exhib-
ited radial contraction and multi-filamentation at atmospheric
pressure. Small admixture (�1%) of another noble gas (Ar/Kr)
with a lower ionisation potential inhibited both radial con-
traction and multi-filamentation, making the discharge homo-
geneous. The diffusion of admixture atomic ions caused the
loss of charged particles in the plasma, interrupting the kinet-
ics previously leading to dissociative recombination [23]. This
resulted in plasma expansion and the disappearance of radial
contraction and multi-filamentation.

The importance of the admixing of the surrounding gas was
also shown by Xian et al [53], who investigated the influence of
the working gas and surrounding gas on the filamentation and
formation of plasma bullets in (APPJ). The discharge became
radially contracted and multi-filamentary when the metastable
states of the working gas (Ar, Kr) had lower energy than the
ionisation potential of the shielding gas.

Altogether, there is a strong practical motivation (besides
the obvious scientific curiosity) to study the filamented and
multi-filamented plasmas, together with processes that can
affect them, and the goal of this study is to gain an understand-
ing and control of these processes.

Despite long and intensive research, the self-organisation in
multi-filament patterns remains unclear. The presented paper
tries to better explain this issue by providing experimen-
tal observations of the multi-filamentation process in a free
expanding argon MW plasma torch. In contrast with many
published works [16, 28, 29, 38, 53–55], we observed in a
repeatable fashion a stable plasma structure that was formed
by up to three filaments, i.e. it was not changing or moving
in any way. It studies the influence of external parameters on
the observed number of filaments and the general behaviour
of the discharge. It is motivated by an often asked but seldom
answered question: is the reason for the filament branching the
length, temperature, width, power density, or something totally
different? Consideration is also given to the experimental evi-
dence to determine whether or not a SW is propagating along
the filament(s).

2. Experimental set-up

Plasma filamentation is observed using a custom-built MPT
using the schematic view presented in figure 1. This type of
MW plasma source of coaxial geometry is similar to an axi-
ally injected torch (TIA) [56, 57] or a waveguide-based axially
injected torch TIAGO [58]. However, its operational condi-
tions are closer to those of the MW plasma torch described
in [55]. MW power (10–300 W) is supplied by a 2.45 GHz
Muegge magnetron generator. The MW line using a WR340
standard waveguide consists of a water-cooled ferrite circula-
tor, a bi-directional −50 dB coupler to incident and reflected
diode power metres, a three-stub tuner and a ridge waveguide
transition to a perpendicular coaxial line.

The inner conductor of the coaxial line is hollow and allows
the introduction of gases into the discharge chamber through
an exchangeable graphite nozzle (length 18 mm, outer diam-
eter 8 mm) with a 0.8 mm diameter axial orifice. The nozzle
configuration is the same as in our previous papers [49, 59, 60],
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Figure 1. Schematic drawing of the experimental set-up. The photographic insert shows the graphite nozzle on top of the brass inner
conductor. Its configuration is the same as in our previous papers [49, 59, 60], but its secondary gas channel (green in the schematics) is
unused and sealed off.

Figure 2. Schematic drawing of the diagnostic part of the experimental set-up: (A) OES, (B) spectral imaging and (C) Z-type Schlieren
imaging.

but its secondary gas channel (green in the schematics) is
unused and sealed off. Argon (99.999% manufacturer’s spec-
ified purity) is used as a working gas, its flow rate being con-
trolled by a Bronkhorst mass-flow controller with the typical
values in the range QAr = 300–1200 sccm.

The nozzle is placed vertically in a cylindrical fused sil-
ica discharge tube with a length of 200 mm and a diameter
of 80 mm. The duraluminium bottom flange is o-ring sealed
to the discharge tube and mated to the outer conductor of
the dielectric-sealed coaxial line. The o-ring sealed duralu-
minium top flange is placed 120 mm from the nozzle, and it
contains a central 40 mm exhaust port which transitions to a
long polyethylene hose via a nipple. Both flanges are in con-
tact with a grounded 150 mm diameter cylindrical protective
mesh preventing MW leaks.

An overview OES is performed using Avantes
ULS3648TEC (200–1000 nm) fixed grating (300 gr mm−1)
spectrometer with a spectral resolution of 1.4 nm. The higher
resolution needed for the temperature calculation is provided
by a Jobin Yvon Triax 550 spectrometer (3600 gr mm−1

diffraction grating) equipped with liquid nitrogen cooled
CCD. The optical system for OES uses an ultraviolet-visible
(UV–VIS) coated spherical ( f = 20 cm) mirror to magnify
the plasma filament for spatially resolved measurements, as
can be seen in figure 2(A). The optical fibre is placed in a
projection plane, and is mounted on a manually adjustable
linear XY translation stage.

Imaging of the plasma filaments (see figure 2(B)) for geom-
etry analysis is carried out using a Princeton Instruments
PI-MAX 3 ICCD camera equipped with a Sigma 105 mm

macro lens. Spectral imaging is performed through a set of
interference filters (250 nm for NO, 310 nm for OH, 355 nm
for CN, and 826 nm for Ar). Nikon D5200 DSLR equipped
with a 50–200 mm Nikkor lens records high-resolution colour
images ( f /10, ISO 500, 1/500 s). Matlab with the Image Pro-
cessing Toolbox and DipImage/DipLib library [61] was used
for image processing and analysis. The inverse Abel trans-
formation of the lateral profiles into the radial profiles was
performed by using the PyAbel library [62].

Schlieren imaging (see figure 2(C)) can visualise the gas
flow and uses a Z-type configuration of two aluminised first-
surface spherical mirrors (1.5 m focal length, 150 mm diam-
eter, λ/8 surface precision), razor edge, high-power white
Luminus LED (CFT-90-WDS-X11-UA500)and ICCD camera
(Princeton Instruments PI-MAX 3 with Sigma 105 mm macro
lens).

3. Structure of plasma produced by MW torches

Axially injected MW torches (e.g. MPT, TIA, TIAGO) oper-
ating at atmospheric pressure are usually fed by a waveguide,
which enables a higher MW power compared with a flexi-
ble coaxial cable feed, and so an integral transition from TE10

waveguide mode to rigid coaxial TEM mode is often included
[63]. Plasma is excited at the tip of the central coaxial elec-
trode or inside its axial gas channel; the gas flow then expands
it freely into the surrounding atmosphere.

According to [64], plasma produced in our experiment
should be similar to surfatron or surfaguide [65] discharges,
sustained by a SW propagating along the dense plasma
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Figure 3. Illustrative photograph of the MPT argon plasma freely
expanding into air (left) and argon (right) atmospheres—PMW =
50 W, QAr = 500 sccm.

filament (except the dart region), as it was theoretically pro-
posed previously in [66]. The non-ionised gas forms a virtual
cylinder around the plasma, creating an interface for the wave
propagation due to a change in relative permittivity.

Owing to its ease of operation, the noble gas is often used
in MPTs as a working gas (e.g. He in [63] or Ar in [16, 17]).
Expanding into the surrounding atmosphere may significantly
impact the plasma [67]. In the case of air as an ambient atmo-
sphere, it leads to the formation of a flame-like plasma struc-
ture, as can be seen in figure 3(left). Plasma consists of two
distinct luminous regions: an initial ‘dart’, which is a short,
bright, narrow channel (10–15 mm length, 1 mm diameter)
surrounded by a low-intensity plasma shell, and which transi-
tions to a later stage ‘plasma plume’, which is wider and less
intense, and where the vigorous gas mixing occurs [17, 57, 64].

In a plasma jet expanding into a noble gas atmosphere,
the electron energy is not lost in the dissociation and exci-
tation of air molecular species. The recombination region of
the plasma plume diminishes, and the filament in the dart
region grows into one or (if MW power is sufficient) multiple
long bright filaments. These are usually very turbulent and the
plasma becomes highly unstable, complicating further stud-
ies [16]. Oscillations are usually caused by the movement of
the electrode emission spots or by arcing inside the electrode
gas channel. Increased nozzle erosion and random changes
in MW absorption prevent optimal tuning/matching and hin-
der the long-term stable operation of the experimental set-up.

Figure 4. Electrode spot on the graphite electrode, (A) greyscale
photograph, (B) same photograph in false colours, (C) different
colour-scale enhancing the visibility of plasma shell around the
filament proper—PMW = 50 W, QAr = 500 sccm. The width of the
image(s) corresponds to 16 mm.

Some aspects of axial torches are therefore more difficult to
study in pure Ar than in Ar with admixtures or free expanding
into air.

Interestingly, in some cases, the fast movement of fila-
ment(s) can lead to the formation of a macroscopically stable
structure. A single gyrating filament creating an apparent cone
structure was observed and studied in argon MPT [16, 55].

We found that it is possible to achieve a stable filament in
a rather pure Ar atmosphere (see figure 3(right)) by using a
graphite electrode. In this case, the electrode spot is formed
on the outer surface of the nozzle, which is in contrast with
metallic (stainless steel, copper) electrodes, where the filament
originates inside the central gas channel. The electrode spot
on the graphite electrode covers an area which is considerably
larger than a cross-section of the filament, see figures 4(A)
and (B). The macroscopically diffuse spot actually consists
of many tiny microspots, each with its own submillimeter
microfilament. These microfilaments diffusively join to form
the base of the macroscopic filament. While both the macro-
scopic electrode spot and the filament remain rather stable,
the microspots and attached microfilaments move, appear, and
disappear. Currently, without further detailed investigation, it
is difficult to determine whether the different behaviour of
metallic and graphite electrodes stems from different electri-
cal conductivity, thermal conductivity, work function, or other
cause(s).

The graphite electrode was rather resistant to erosion. Dur-
ing a single experimental run, no changes were observed, but
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Figure 5. (a) Axial profile of the electron density calculated from the Stark broadening of Hβ (45 W, 1000 sccm Ar, 10 sccm H2) and (b) the
axial argon (419 nm, OES) emission intensity profile (50 W, 500 sccm Ar) in the single-filament regime.

after many tens of hours of operation, there was some round-
ing of the edges, etc. However, such small variations in the
shape of the graphite electrode had a negligible influence on
the plasma.

The gas flow used in this study (500 sccm corresponds to
average axial velocity 16 m s−1) ensures subsonic and non-
turbulent flow conditions (Reynolds number Re < 2000, Mach
number Ma < 0.3), which in turn promotes the formation of a
stable laminar filament(s).

4. Results and discussions

4.1. Single-filament regime

It was found that the MW power was the main parame-
ter that controls the plasma properties. For values below
approximately 60 W, the discharge has the form of a single
stable filament, enabling detailed diagnostics.

In many aspects, the single-filament regime exhibits many
similarities with surface-wave driven atmospheric pressure
plasmas, such as surfatron or surfaguide [64]. Generally, the
electron density axial profile should decrease nearly linearly
from a maximum near the launcher towards the minimum
at the end of the filament, where it descends below a criti-
cal value, preventing the further propagation of the SW. The
input MW power should directly affect the maximum ne value,
and consequently, also the plasma length. Figure 5(a) shows
an axial profile of ne calculated from the measured Hβ Stark
broadening (following the procedure described in our previous
papers [59, 68]) after admixing a small amount of hydrogen
to the working gas. However, the hydrogen admixture affects
the plasma, so the experimental conditions are slightly differ-
ent from those typically used in this paper. Nevertheless, the
expected linear decrease of ne is evident.

Actually, the more precise theory and experiments in [64]
indicate that the initial plasma segment closest to the wave
launcher (in our case the nozzle) should be sustained by

Figure 6. Dependence of single-filament length and maximum
diameter on the MW power (up to a filament splitting threshold) for
500 sccm Ar.

non-guided (space-wave) [64] radiation, and so this section
usually has a higher electron density and higher emission
intensity, and it locally departs from the linearly decreasing
predictions discussed above. Although the data in figure 5(a)
are not sufficiently detailed to show this behaviour, it was
confirmed by the previous measurements on our device [68,
69].

The linear decrease of the relative emission intensity along
the filament shown in figure 5(b) also has characteristics
typical of SWD.

As explained in [65], the length of SW plasma should be a
linear function of the supplied power. Up to a filament splitting
point, we observed a linear dependence of the length on PMW

(see figure 6).
The thickness of the filament at any position Y can be

quickly determined from image analysis, setting an inten-
sity threshold e.g. at 80%. As the thickness is not constant
along the filament length (typically, it has a local maximum
in its first third), we have chosen the maximum diameter as a
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Figure 7. Lateral/radial emission intensity profile (Ar 921 nm)
derived from OES—Y = 40 mm, 50 W, 500 sccm Ar.

Figure 8. Operating diagram, i.e. map showing the variation of the
number of filaments with the operating conditions: delivered MW
power PMW and argon flow QAr.

suitable geometric parameter and plotted it in figure 6 as a
function of MW power. The figure shows that the maximum
diameter of the filament grows linearly with increasing MW
power.

Figure 7 shows the measured lateral emission intensity
profile together with the corresponding radial profile (calcu-
lated using the inverse Abel transformation). The radial profile
exhibits a local minimum in the centre of the filament. This is
again in agreement with a typical hollow structure (so-called
M-profile) of SWDs [63, 64, 67], which is caused by the MW
electric field being strongest near the filament surface (skin
effect) and the weakest near the axis. The collisional skin depth
can be calculated as [70]:

δ =

√
2c

ωpe

√
ν

ω
, (1)

where c is the speed of light in vacuum, ωpe is the electron
plasma frequency (rad s−1), ν is the collision frequency for
momentum transfer (s−1), and ω is the MW angular frequency
(rad s−1). The equation is valid if ωpe, ν � ω. Depending on

Figure 9. Illustrative photographs of multi-filamentation depending
on input MW power, with a constant argon flow rate
QAr = 500 sccm: (A) side view, (B) top view with pseudo coloured
intensity. Side view images in the 65–89 W power range are
overlapped to show the gradual movement of the second filament.

the electron density (1–5 × 1020 m−3, see figure 5(a)) and
collision frequency (1010–1011 s−1 [68]), the calculated skin
depth values (in 0.3–1.9 mm range) are close to the observed
filament radii (see figure 6). The radial profile in figure 7
indicates a sub-millimetre skin depth.

4.2. Multi-filament regime

By varying the external parameters—MW power PMW and gas
flow QAr —over a wide range, the operating diagram in figure 8
was constructed. By increasing PMW, the number of filaments
increases, forming up to four filaments. While a configura-
tion with one or two filaments is very stable and somewhat
independent of QAr, additional filaments lead to the destabi-
lization of the system (compare the areas of 1, 2 and 3 filament
regimes in the operational diagram). In such a case, a very
small change in PMW, QAr or a slight random movement of
the electrode spot may cause a disintegration of the stable fil-
ament structure, often forming an unstable bunch of arc-like
plasma channels with one end on the inner coaxial electrode
and the second end on the dielectric wall of the discharge tube
or on the exposed metallic wall of the outer coaxial conductor
[71]. This made it somewhat difficult to study any regime with
more than two filaments. Actually, the four-filament regime is
so sensitive that it was observed only once, and this observa-
tion could not be repeated. Therefore, in the following text and
figures, a maximum of three filaments are discussed in detail.

The operating diagram confirms that PMW is truly the pri-
mary control parameter, influencing the plasma properties and
the number of filaments. The parameter space was also tested
outside the depicted zone. Gas flows over≈1300 sccm induced
turbulence and/or oscillations caused by electrode spot move-
ment. With an argon flow rate under ≈300 sccm, there was
too much contamination by air impurities, preventing a multi-
filamentation regime. For MW power higher than ≈120 W,
there was no stable configuration of filaments.

Illustrative photographs documenting progressive multi-
filamentation are shown in figure 9(A). To complement this
side view, the plasma was also imaged from above through
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Figure 10. Dependence of the geometric quantities on PMW for 500 sccm Ar: (a) filament length(s) L and their summed values
∑

L, (b)
maximal values of diameters D1,2,3, their DSUM, and quadratic diameter DQUAD.

Figure 11. Dependence of the power density in filaments on input MW power PMW for 500 sccm Ar: (a) power density P/V and (b)
corrected power density (P-P0)/V for radiation losses by subtracting a specific offset P0.

a window in the upper flange, resulting in the images in
figure 9(B) (pseudo coloured for better visibility). The white
circle denotes the position and size of the nozzle (outer diame-
ter 8 mm), while the small black spot is the central gas channel.
A single filament (top subfigure) sits above its electrode attach-
ment point, which is on the outer side of the conical nozzle
close to the circular edge of the central gas channel. Although
the position of the filament on the nozzle is not exactly axial,
its relative intensity map is quite circular.

After a new filament is formed at 60 W, there is a small
range of PMW up to 65 W, where the second filament increases
in length until it matches the first one (2nd and 3rd sub-image).
Subsequent movement due to changes in PMW can be better
visualised by overlapping a sequence of images (fourth sub-
image of figure 9(A)). A closer look at the overlaid image
reveals that one (parental) filament stays in its position, while

the other moves laterally away, linearly increasing the distance
between them.

The middle sub-image in figure 9(B) shows the situation
of two filaments from the top view. Markedly asymmetric
plasma shells are present near both filaments. They are sub-
stantially stronger on the outer side (wall facing) of the fil-
aments. The top view images prove the existence of plasma
shells, which may be mistaken as mere wall reflections or
artefacts in figure 9(A).

At PMW ≈ 90 W, the ‘moving’ filament splits again, form-
ing a third one between them. While each of the two original
filaments has its own electrode attachment point, the new one
is fainter, narrower, and has a common base with its parental
filament. The top view of this situation is shown in the lowest
sub-image of figure 9(B). It should be noted that these three
filaments are not positioned in an intuitively expected radial
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Figure 12. Set of images of two filaments taken by ICCD through
spectral filters (indicated by central wavelength in nm and the
corresponding species). Experimental conditions were 70 W,
500 sccm Ar.

symmetry (i.e. forming an equilateral triangle), but in a pla-
nar configuration. This is not an isolated incident, but a typical
outcome. This is in direct contradiction with theoretical studies
[37, 72, 73] which predict a radial symmetry for multi-filament
patterns. A speculative explanation could be that multiple fil-
aments are not equivalent, and consequently, the ‘repulsion’
between them is not the same.

The three-filament configuration is very sensitive to any
fluctuation in the experimental condition, and its plane of sym-
metry tends to rotate slowly. This indicates that the planar
pattern observed is not caused by some nozzle or reactor irreg-
ularity. Twisting or rotating filament structures are actually not
unknown, as previously reported, e.g. in [29, 54].

Unfortunately, it was not possible to determine ne in a
multiple-filament regime, as the hydrogen admixture that is
required for Hβ Stark broadening had a significantly negative
impact on multi-filamentation.

The influence of MW power on filament length, as pre-
sented in section 4.1 for a single-filament case only, also
occurs for multiple filaments, see figure 10(a). After a split-
ting point near 60 W, the new filament (blue curve) grows
rapidly, while the parent filament (red curve) shortens slightly.
At around PMW ≈ 65 W, their lengths become equal. It is inter-
esting to note that between 66 W and 90 W, the lengths of both
filaments actually decrease with increasing PMW. If the MW
power increases further, at ≈90 W, there is another splitting,
which results in three filaments. Again, the new filament (pink
curve) grows rapidly, while the two other filaments decrease in

length. The black curve in the same figure represents the sum
of all filament lengths. It exhibits non-monotonous character-
istics and sudden jumps at splitting points, and confirms the
nonintuitive behaviour of the filaments’ length in the 65–90 W
range.

Figure 10(b) shows the influence of the MW power on the
maximum diameter of the filament(s). In section 4.1, it was
already established that in the single-filament regime, the max-
imum diameter depended linearly on the MW power. Then,
at the first splitting point (PMW ≈ 60 W), there appear two
filaments (designed 2–1 (original, nearly unmoving one) and
2–2 (laterally moving one)) instead of one. Their diameters
also vary linearly with the MW power, while the new fila-
ment is always thicker than the original. At the second split-
ting point (PMW ≈ 90 W), this thicker filament splits again,
so there are now three filaments, designed 3–1, 3–2, and 3–3.
Even higher MW powers are difficult to study because of the
low stability of the three-filament configuration (see discus-
sion concerning figure 8 above). The splitting to four filaments
happens around 110 W, but this value cannot be considered as
reliable.

It appears that the splitting off a new filament occurs at a
certain critical value of the parent filament diameter—both
transitions from one to two filaments and from two to three fil-
aments occur at a diameter of around 2.5–3 mm. This is also
supported by the careful examination of the second subim-
age from the left (60 W) in figure 9(A), where the splitting
occurs at the widest part of the filament. A similar splitting
of one filament was observed by [24] in tubular reactors with
a surfaguide launcher, where the single filament increased
in diameter as the power per unit length increased, break-
ing up into more filaments at higher power. This could be
caused by limited power transfer owing to the skin effect,
as was discussed in section 4.1. The filament radius at the
splitting point falls within the calculated skin depth range
(0.3–1.9 mm).

In the same figure, the sum of all particular maximum diam-
eters is plotted using hollow data points. It is interesting to note
that this curve (in contrast to the summary length in figure 10)
is monotonic, rather smooth (with only a minor jump near the
60 W), and even appears to be piecewise linear. Even better
is the quadratic diameter (Dquad =

√
D2

1 + D2
2 + D2

3), which
should scale with the relative cross-sectional area. This sup-
ports the hypothesis that the diameter (and not the length for
example) is the critical parameter for filament splitting, which
was reported in the study [28].

Another interesting parameter is the power density. We cal-
culated the total volume V of the filaments and plotted the
power density P/V as a function of the input MW power
PMW in figure 11(a). As can be seen, it is not constant, but
decreases with PMW, and there are jumps after the splitting of
the filaments. This may be caused by the power loss resulting
from space wave radiation before the establishing of SW. If
we incorporate an offset P0 ≈ 21 W it is possible to obtain
almost constant power densities (P − P0)/V for the single-
filament configuration, as can be seen in figure 11(b). To obtain
a constant characteristic for the two-filament configuration, it
is necessary to double this value, arriving at P0 ≈ 42 W. There
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Figure 13. Overview emission spectra of the filament centre (integration time 0.25 s) and of the plasma shell (integration time 8 s).
Experimental conditions were Y = 40 mm, PMW = 50 W, QAr = 500 sccm.

Figure 14. Lateral emission profiles of OH, NO and Ar for two
filaments as derived from OES. Experimental conditions were
PMW = 75 W, QAr = 500 sccm, Y = 40 mm.

is only one value for three filaments, so this quite interesting
trend could not be verified further.

As discussed above, there are several strong hints that the
filament carries the SW wave, which in turn excites it. While
such a mechanism of SW propagation along a single filament
appears to be nonproblematic, it becomes more complicated
in the multi-filament regime. It is still an unresolved issue
with respect to determining whether the SW propagation along
the filaments is individual (many independent waves, each
on its own filament) or collective (essentially, a single wave
sharing power with each filament). Several studies reported
that the maximum electromagnetic field intensity is at the
interface between plasma and the surrounding medium (MPT
[64, 66, 69], TIA [74]). SWDs should have a quasi-exponential
decline (principally similar to evanescent waves) of electro-
magnetic field intensity away from the filament’s surface, but
a 1/r decrease was found for MPT [64, 69].

Actually, the model in [69] predicted that besides the main
absorption maximum inside the filament, there should be a
second smaller maximum of absorbed power density just radi-
ally outside of the filament proper. This could correspond to
the plasma shell—a low-intensity glow around the filament,
which is observable in figures 3, 4 and 9. In the single-filament
regime, the plasma shell has a cylindrical shape surrounding
the whole filament, while in the case of two filaments, the
plasma shell is observable mainly at their outer sides, i.e. closer
to the wall. The third filament usually has the plasma shell
only at one side, facing the same direction as the shell of its
parental filament. These asymmetries were not considered in
[69], but it predicted that near the axial end of the plasma fila-
ment, there should also be a heightened power absorption [18],
exhibiting a more intense ‘cap’ sitting at the filament tip. This
cap should also be the place at which the plasma shell finally
meets the plasma filament. This can be precisely observed in
figure 3(right).

Using OES and spectral imaging (see figure 12 and
figure 13), we found that emissions of the plasma shell con-
sist mainly of molecular bands of NO–γ (A2Σ–X2Σ) and OH
(A2Σ+–X2Σ), i.e. the impurities. The experimental set-up is
reasonably air-tight and flushed with argon, but small traces
of air and humidity persist. It should be noted that a presence
(even significant) of molecular bands in a rare gas emission
spectrum cannot be directly interpreted as a proof of gross
contamination. For example, Bogaczyk et al [75] reported the
emission of an N2 (1st negative system (FNS), 2nd positive
system (SPS)), NO–γ, and OH in pure helium with less than
10 ppm of nitrogen (which is arguably a rather pure environ-
ment) resulting from high concentrations of helium metasta-
bles and Penning ionisation. In our case, it appears that below
a certain threshold concentration (which is higher than the
amount of impurities we routinely achieve in the apparatus)
the impurities do not significantly affect the single-filament
geometrical properties or the multi-filamentation process. The
presence of impurities could be considered ‘fortunate’, as they
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Figure 15. Gas temperature estimated from OH(A–X) rotational distribution—QAr = 500 sccm: (a) power dependence of temperature
measured at the start (near the electrode) and in the middle of the filament, (b) temperature measured at half the length of the filament as a
function of its total surface area (corresponding power range is 30-60 W).

Figure 16. Axial profile of OH temperature along both filaments of
a two-filament configuration. Experimental conditions were
QAr = 500 sccm, PMW = 65 W.

make the plasma shell discussed in the previous paragraph
visible (owing to their lower excitation energy).

These impurities may be excited by different mech-
anisms, such as direct electron impact excitation, Pen-
ning excitation/ionization by energetic Ar species (e.g.
Ar∗(11.56 eV), Ar+(15.8 eV), argon metastables (11.55 eV,
11.72 eV)), or a specific mechanism such as Zeldovich for NO:
(N2 +O↔NO+N,O2+N↔NO + O, N+OH ↔ NO+H).
However, while the Zeldovich mechanism is usually consid-
ered for its origin [76, 77], a computational study [78] of Ar
plasma source reported that the primary production of NO was
from atomic oxygen and the first metastable state of nitrogen
N2(A). However, this requires high densities of O and N2(A)
[79]. Reactions leading to the loss of NO (into NO2, N2) have
a higher reaction rate at lower temperatures, leading to lower
concentrations of NO outside the filaments [78].

Excited OH states can be produced
[80] directly by the dissociation process

Figure 17. Schlieren images of one- and two-filament
configurations, visualizing the expanding cone of hot gas −40 W
and 70 W, 500 sccm Ar.

H2O
(
X1A1

)
+ e → H2O

(
B1A1

)
+e

dis.−−→OH
(
A2Σ

)
+ H + e

(energy threshold approx. 10 eV) or by excitation from the
OH ground state OH

(
X2Π

)
+ e → OH

(
A2

)
+ e (energy

threshold approx. 4 eV).
The emission profiles for OH, NO, and Ar in figure 14 are

not identical. This could be expected as their excited states
have different origins, excitation energies, ground-state densi-
ties, spontaneous emission rates, etc. Similar discrepancies in
the radial profiles of emitting species (He(I), N(I), O(I), H(I),
N+

2 ) were reported for the MW torch in He [63]. Intensities
of both molecular species grow on the outer filament borders,
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Figure 18. The gas temperature profile (red data-points) of two
filaments—PMW = 75 W, QAr = 500 sccm, Y = 40 mm. For
position reference, a lateral emission profile (black line) derived
from ICCD imaging is also plotted.

which is consistent with the formation of the low-intensity
plasma shell.

The rovibrational band of OH molecule is used to deter-
mine the rotational temperature T rot by comparing measured
OES spectra with the simulated ones obtained using the Mas-
siveOES [81, 82] software. MW plasma torches operating at
atmospheric pressure generally have an equilibrium between
the rovibrational distribution of OH and the translational dis-
tribution of Ar gas, i.e. one can assume that T rot = Tgas [23].
Some authors [17] prefer to utilize N+

2 because of the possi-
ble non-Boltzmannian distribution of OH upper states [82, 83].
Nevertheless, we have not found any such deviation in the OH
Boltzmann plots, so we assume that using OH as thermomet-
ric species is valid. Many other groups [84–86] have also made
the same assumption.

In this way, the rotational temperature at the filament start
(near the electrode) is estimated and plotted in figure 15(a)
(red data-points). The temperature at the middle of the filament
(i.e. half-length) is also plotted in the same graph. Because
the length is not a well-suited parameter (see the discussion of
figure 10 above), the black data points are not plotted beyond
the filament splitting point (≈60 W). Gas heating by MW
power is mainly indirect via electrons [63, 87]. Nevertheless,
both curves are nearly linear, and this trend continues even
after the splitting of the filament(s). As the power increases,
the filament should be heated more. However, as its surface
area increases, the heat losses should also increase. A knowl-
edge of the diameters at each position of the filament(s) from
the imaging makes it possible to estimate their total surface
area (approximation of circular cross section) and to plot it
versus temperature, as in figure 15(b). It appears that these
two processes are nearly equal. Doubling the power makes the
temperature at L/2 increase by only 10%.

The axial profile of the OH rotational temperature is shown
in figure 16 for the case of two filaments. The temperature is
lowest near the nozzle and grows somewhat linearly with the
position until it reaches the maximum at the filament(s) end.
This is in agreement with the model of Ar MPT (500 sccm Ar,
250 W), which was reported by Synek et al [69]. The model

showed that the heat conduction is the dominant energy loss
channel in the region near the nozzle tip. The absorbed power
density exhibited two maxima in the axial direction: first at
the tip of the nozzle and second close to the end of the fila-
ment, where the gas temperature reached its maximal value.
A gradual heating of the filament could also be caused by the
limited cooling owing to reduced radial heat transport as the
surrounding gas heats up. There is also a constant source of
heating along the filaments by propagating SW, heating them
steadily over their whole length.

Schlieren images in figure 17 show that a much larger vol-
ume of gas is heated, and not only the filaments themselves.
The diameter of the expanding cone of hot gas is much larger
than the maximal distance between two filaments. The cone
diameter increases with the supplied MW power, as indicated
by the dotted line segments in the upper part of the figure. The
existence of this hot cone of gas explains why the filament
temperature steadily grows even after filament splitting—the
volumes of individual filaments are negligible compared to the
whole volume of gas that is heated.

The low signal-to-noise ratio of Schlieren images (due to
inhomogenities in the fused silica tube walls) hid any shape
of the temperature profile between the filaments. To over-
come this, the lateral emission and OH rotational temperature
profiles were measured at larger filament separation values
(PMW ≈ 75 W), see figure 18. The temperature profile exhibits
a discernible dip of approximately 100 K between the fila-
ments, which is nevertheless below a typical temperature cal-
culation uncertainty of 200 K (10%). This also explains why
it was not visible on the Schlieren image (figure 17). The rota-
tional temperature falls steeply outside of the plasma, i.e. the
filaments and plasma shell.

While the current study provides insight into the structure of
the plasma and the process of filamentation, it is still limited
to experimental observations. A purely theoretical approach
inevitably requires many assumptions and simplifications, and
can easily fail for overly complex systems, where chaos tends
to reign. The authors believe that a numerical model that fully
encompasses plasma physics, fluid dynamics, thermodynam-
ics, electromagnetism, and inequilibrium chemical kinetics is
important to fully understand the filament self-organisation.
While the task ahead is immense, we hope that this paper
answers some questions while introducing new ones, the
most intriguing being the observed planar configuration of 3
filaments.

5. Conclusions

Depending on the experimental conditions, the MW plasma
torch operated in atmospheric pressure argon can produce one
or more linear plasma filament(s). It was found that MW power
is the main parameter that affects the number and stability of
the filaments. Stable configurations with up to three filaments
were observed. The case of three filaments was peculiar as
their preferred spatial pattern was planar and not triangular.

Several observations (axial profiles of electron density and
light emission, radial profile of light emission, etc) strongly
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support the hypothesis that a SW is exciting the plasma fila-
ment while propagating along the surface.

It was found that the transition to a higher number of fil-
aments by splitting may be governed by reaching a critical
diameter of the parent filament. Consequently, the skin effect
is believed to be responsible.

Based on the rotational temperature obtained from OES and
Schlieren imaging, the gas temperature profile is substantially
wider than that of luminous plasma.

Imaging and OES revealed the existence of a spatially
separated plasma shell around each filament with distinctive
spectral differences from the main filament(s).
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