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Abstract. As shown recently [1], whenever an electromagnetic (EM) surface wave (SW) sustains a plasma column, it 

is preceded by a non-guided wave over a short axial segment of the plasma column situated in the immediate vicinity 

of the wave launching structure. This wave can be regarded as a space wave since it spreads out microwave power into 

the free space, with a non-zero elevation angle (relative to the tube axis). Such a segment is akin to that of the near-

field region of an antenna ending with the launching of the space wave. In that respect, coaxially surrounding the 

surface-wave discharge (SWD) with a circular waveguide (designated herein as a Faraday cage (FC)) under cut-off 

conditions eliminates, to some extent (depending on the FC 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. In fact, integrating the measured axial distribution of electron density along the plasma column leads 

to a larger number of electrons in the plasma column when enclosed in a FC at cut-off, demonstrating that additional 

EM power is then flowing along the plasma column. Modelling of the power loss due to space-wave radiation in open 

space is provided 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 with increasing frequency; as a result, at 2450 MHz (wavelength in vacuum is 122 mm) depending 

on the wave launcher utilized, it extends from 3 to 28 mm only, possibly explaining why it has escaped the attention 

of researchers.  

 

1 Introduction 

An electric field with a high enough intensity can 

achieve the breakdown of a gas initially (electrically) 

neutral and sustain a discharge, yielding electrons 

and ions (charged particles), accompanied by 

remaining neutral atoms (molecules). Microwave 

(MW) electric fields are commonly used to generate 

plasmas: electrons (lighter particles) gain energy in 

the MW field and through collisions with heavy 

(essentially) neutral particles promoting the 

ionisation process. Among the various ways and 

methods of obtaining stable and reproducible MW 

plasmas, there is the propagation of an EM surface 

wave (SW) using the plasma column that it sustains 

and its surrounding dielectric tube as its guiding 

medium. Ionizing SWs can be launched with known 

devices such as surfatron and surfaguide. These can 

be considered to be small length antennas (relative to 

the EM wavelength in vacuum). Before the actual 

achievement of the SW plasma column, away from 

the launcher, there is an antenna near-field region 

close to it that yields at the end a non-guided space-

wave radiation in the room, eventually detrimental to 

personnel and perturbing measurements. The current 

paper examines this problematic and discusses how 

to cope with it. 

 

2 Characteristics of the space-wave radiation 
region preceding the development of a SW 
plasma column 

2.1 Location and extent of the space-wave 
radiation region  

Consider Figure 1 that schematically displays a 

current E-field applicator used to achieve 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 needed for 

generating efficiently SW plasma columns. The 

electromagnetic (EM) field emerging from the 

interstice allows the establishment of a plasma 

column sustained by an EM surface wave in both 

directions from the gap. As illustrated in Figure 1, in 
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the case of the front column, the SWD commences 

at the power flow location marked P(𝑧0), i.e., past 

the space-wave radiation region. 

.

 

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, specifically 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 (precisely 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 Figure 2(a) while, in Figure 2(b), 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.  

                                                 
1  In the case of the back column emerging from the surfatron 

interstice, since it is partially enclosed within the surfatron body, the 

corresponding space-wave losses are eliminated by the surfatron 

body acting as a long enough FC (at cut-off). 
2  A circular waveguide enclosing (coaxially) at cut-off (on its 

fundamental mode) the plasma tube prevents waves from 

propagating 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 TE11 mode. 

Its corresponding wavelength is given by c= 2RFc(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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In Figure 2(a), which plots the axial 

distribution of electron density, the SWD starts 

developing down the plasma column from the point 

designated with an arrow. This assertion is based on 

the fact that the linear decrease of electron density 

that ensues is an essential attribute of SWDs (as 

discussed, for instance, in [1]). Concerning the 

plasma column region preceding the SWD, its main 

features, according to Figure 2(a), are: i) its axial 

extent and shape remain the same when microwave 

power is increased while 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 

delineates the beginning of the SWD. The region 

nearest to the launcher is in fact related to the near-

field region of an antenna3 and, at its very end, EM 

power is radiated through a non-guided wave, 

designated as a space wave. In contrast, the SWD 

results from a SW guided along the plasma column 

axis. Similar observations (i and ii)) can be made 

with Figure 2(b), this time at a much higher 

frequency and at a higher gas pressure (atmospheric 

pressure), all measurements reported in the current 

paper having been carried out in argon discharges 

 

2.2 Properties of the radiation region observed 
near the opening made for the passageway 
of the discharge tube in a TM010 Beenakker 
cavity, an alternate device for achieving a 
tubular SWD  

A Beenakker cavity can be utilized as a SW E-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 with respect to the 

discharge tube and with its tip situated at 2 mm away 

from the tube outer wall (to make sure detecting the 

SW radial field intensity, which radially decreases 

exponentially) [6]. The radiation field coming out 

from the cavity aperture reaches a maximum 

intensity value at approximately 17 mm from it, after 

which it decreases almost linearly. This maximum 

intensity is interpreted as being the location at which 

(or just before which) the space wave is generated 

                                                 
3 In the near-field region of an antenna, the E and H field components 

are not yet necessarily perpendicular one to the other and in phase, 

and also as the beginning of the SWD. The fact that 

the measured E-field intensity decreases radially in 

an exponential way at that position (not shown) is 

clearly an attribute of SWDs; such an exponential 

radial decay of the E-field intensity was observed, 

according to Lebedev [6], along the plasma column 

up to approximately 90 mm, thus marking the end of 

the SWD. The first part of the curve up to 17 mm in 

Figure 3 is ascribed by Lebedev to space-wave 

radiation: as a matter of fact, when the electric 

antenna is axially set at 8 mm or at 90 and 110 mm 

from the launcher, the E-field intensity radially 

decreases slowly away from the tube in contrast to 

the exponential radial decay observed within the 

SWD segment (corresponding figure in [6], 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 discharge is sustained in argon at atmospheric 
pressure from a Beenakker cavity supposedly operated on the 
TM010 mode at 2450 MHz (after [6]). 

2.3 Characteristics of the space-wave 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 [7], an arrangement that 

provides at the launching interstice an azimuthally 

symmetric power flow around the discharge tube. In 

which makes that the corresponding radiation is not that of (a true) EM 

wave.  
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contrast, the surfaguide wave-launcher 4  (Figure 

4(a)) 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 Figure 4(b) at 210 s. 

 

 

Figure 4: (a) Schematic diagram of the system utilized for 
achieving a SW plasma maintained 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 [1], [10]. 

Enlightening considerations characterising the 

space-wave radiation region can be obtained from a 

SWD sustained with a surfaguide and under pulsed 

                                                 
4 The gap of the launching interstice of the surfaguide is typically 15 

mm wide 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]. 

regime operation, the mechanisms and properties of 

which are reported in [1]. Figures 4(b), 4(c) and 4(d) 

display the variation of the total emitted-light 

intensity at successive elapsed times (from top to 

bottom in the pictures), 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 microwave power with the movable 

plunger. Consider more specifically, for example, 

210 s in Figure 4(b): 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 situated 

on the plunger side; however, as time goes on, the 

plasma becomes azimuthally symmetric. In addition, 

after some elapsed time (at 225 s in Figure 4(b) 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 space-wave radiation region) while 

the plasma column develops in length with time (as 

a result of the propagation of the ionisation front of 

the SW initiating the SWD [1]). At the highest 

average power considered (Figure 4(d), 23 W), 

initially ( 68–75 s) the plasma is non-azimuthally 

symmetric5 over a longer plasma column length than 

at lower average powers. Nonetheless after some 75 

s in 4(d) and later on, the non-SWD plasma 

segment becomes constant in length ( 8 mm) and 

radial extent: these two features are then relevant to 

the space-wave radiation region reported under 

continuous operation (Figures 2(a) and 2(b)). 

Similarly, after a long enough on-time, the plasma 

column farther than the space-wave radiation region 

has become azimuthally symmetric, which we 

5 Close observation of this non-SWD region suggests that the EM field 

initially (and partially) 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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ascribe to a SW plasma column segment: it lends us 

to assume that the plasma column turns azimuthally 

symmetric at the same time that the propagating 

wave is a true EM wave, which it is not the case 

within the first part of the radiation zone (the near-

field region of an antenna: see footnote 1). At this 

point, we conclude that the SWD develops once the 

radiation region has become constant in length and 

radial extent, and azimuthally symmetric. 

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], for surfaguide from [10]). 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 [12]. 

 
Table 1: Plasma column length of the space-wave 
radiation region Lspace and ratio of Lspace to corresponding 
EM wavelength in vacuum 0. Except otherwise 
indicated, there is no FC around the discharge tube. 

Frequency 
(MHz) 

Wave launcher Lspace 

(mm) 
Lspace / λ0 

360 Surfatron 330 ± 10 0.40 

915 Surfatron 43 ± 1* 0.13 

2450 Surfatron 28 ± 2 0.23 

2450 Surfaguide 7 ± 1 0.06 

2450 Beenakker Cavity 17 0.14 

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

The space-wave region becomes smaller and 

smaller as the applied field frequency is increased (in 

particular with the surfaguide as wave launcher). 

 

2.4 Minimum length of a Faraday cage (FC) at 
cut-off that significantly reduces 
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 Figure 

5), looking experimentally for the shortest such cage 

that would provide stable readings and recordings. A 

30 mm 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 5: Photographs showing the plasma column obtained 
with a 915 MHz surfatron: a) no surrounding Faraday cage at 
all; b) enclosed in a 22.5 mm radius FC corresponding to wave 
cut-off in a circular waveguide (see footnote 2). The cage 
length is 30 mm, which was found to be the minimum FC 
length averting space-wave radiation from affecting much our 
measurements; c) enclosed in a 22.5 mm radius FC, 305 mm 
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. 

2.5 Confining space-wave radiation increases the 
total amount of electrons in the discharge 

A possible way to cut down space-wave radiation 

losses is, as repeatedly indicated, to surround the 

discharge in a "circular waveguide" at cut-off. Such 

a FC prevents waves to propagate within it when 

bare: any radiation field entering the waveguide at 

cut-off gives rise to an evanescent field (exponential 

decay) with a zero Poynting vector in all directions. 

Nonetheless, propagation is possible within the 

waveguide enclosure when specific propagating 

structures are present: i) the SW propagates along the 

plasma column that it sustains in the case of SWDs 
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since it uses the dielectric discharge tube and the 

plasma contained as its propagating medium [1]; ii) 

a SW can also propagate along a dielectric tube, 

without depending on whether it contains some 

plasma or not. This is illustrated for an empty (no 

plasma) tube in Figure 3 of [1] where the wave 

propagation involves the whole circular part of the 

tube and, in Figure 4(b) (top picture) in the current 

paper, for that part of the dieletric tube wall facing 

the plunger close to which there is some plasma, the 

SW propagation around the tube being asymmetric.  

Figures 6(a) and 6(b) 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 (30 mm); (b) with the longest FC 

(305 mm), longer than the plasma column at 915 

MHz and 300 W. The data points are rather spread 

out in Figure 6(a), which results from the remaining 

space-wave radiation since the FC is only 30 mm 

long, in contrast to Figure 6(b) where the FC extends 

beyond the plasma column length.  

 

 

Figure 6: Axial distribution of electron density along a SWD sustained in argon at atmospheric pressure in a fused silica 6/8 mm 
id/od discharge tube and at 915 MHz, enclosed in a Faraday cage under cut-off conditions (RFC = 22.5 mm): (a) minimum length FC 
(30 mm); (b) longest FC (305 mm), longer than the plasma column length at 300 W.  

In Figure 6(a), the electron density increases as 

z increases from 0 up to 1 or 2 cm (space-wave 

radiation zone) and then decreases toward the end of 

the plasma column. At 100 W, this decrease is 

somehow linear, as expected when sustaining a SW 

plasma column; at 200 W, past the maximum of 

electron density, because of the error bars (due to 

radiation in the room), one can only suggest that the 

electron density decreases linearly. In contrast, in 

Figure 6(b), the maximum of electron density, 

reached at a higher z value (5 or even 7 cm), is not as 

sharp as in Figure 9(a) but extended, showing in fact 

what resembles a plateau, followed (within error 

bars) by a linear decrease of the electron density as 

expected from a SWD. 

The electron density "plateau" noticed in 

Figure 6(b) contrasts with the expected linear 

decrease from a genuine SWD. We assume it to be 

related to the additional power flow carried by the 

SW propagating along the dielectric tube alone, as 

described three paragraphs above in (ii)). The 

existence of the plateau strongly suggests that there 

are two distinct power flows involved in the 

sustaining of the plasma column: otherwise, if the 

power flow carried by the dielectric tube alone had 

been merged with that of the SWD, it would have 

given a genuine SWD electron density linear 

decrease down the plasma column, starting at the 

electron density peak as in Figure 6(a). 

Figures 7(a) and 7(b) show that the plasma 

length is significantly longer when the discharge 

tube is entirely surrounded by a FC at cut-off. At 915 

MHz (Figure 7(a), obtaining a 250 mm long column 

requires less than 29% microwave power when 

inserted in the 305 mm long FC at cut-off when 

compared to its "minimum" 30 mm length. At 2450 

MHz, although the extent of the space-wave region 

is shorter than at 915 MHz (Table 1), Figure 7(b) 

shows a similar power gain (or power saving): a 170 

mm long plasma column, surprisingly, also requires 
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29% less power (the error bar in both figures is 

nonetheless  10%). The longer plasma column 

length obtained under cut-off conditions is the result 

of the SW power flow carried specifically along the 

dielectric tube (case ii) above). This additional 

contribution to electron density is further 

documented through Figure 8 below and examined 

in section 4. 

 

 
Figure 7: 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 (30 mm at 915 MHz in (a) and 15 mm at 2450 MHz in (b)) and the other being longer 
(305 mm) than the full length of the plasma column. At 915 MHz (a), 29% less power is required for a 240 mm long SWD fully 
surrounded by a FC at cut-off, while at 2450 MHz (b), also 29 % less power is needed for a 170 mm plasma length. The 915 MHz 
plasma column is sustained with a surfatron while at 2450 MHz the SWD is achieved with a surfaguide. 

 

Figure 8 corresponds to the integration of the 

axial electron density distribution in Figures 6(a) and 

6(b), 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, which is consistent with the 

power gain deducted from Figures 7(a) and (b). 

Summarizing the findings of this section: i) 

space-wave radiation is, in a way, taking microwave 

power away from SWDs, the power being fully lost 

in the room when there is no FC at all; ii) the 

maximum increase in plasma length is obtained with 

a FC at cut-off that exceeds the plasma column 

length; iii) when the plasma column is completely 

enclosed in a FC, the microwave power absorbed per 

electron  is clearly constant whatever the plasma 

column length (or microwave power). This comes 

out from the fact that, in Figure 8, the total average 

electron density (ne total) increases linearly with 

microwave power, hence that the power absorbed per 

electron remains the same  

 

Figure 8: Average total electron density resulting from 
integration of the electron density axial distribution in Figures 
6(a) and 6(b) 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. 
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3 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 

Figure 9(a), 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 smaller 

FC radii (now at cut-off), namely RFC = 45 mm and 

22.5 mm, the plasma column length becomes smaller 

and smaller: at RFC = 22.5 mm, the plasma column is 

approximately half the length of that with no FC. 

This compelling outcome can be understood with 

Figure 9(b), which reveals (from right to left) that the 

attenuation coefficient  of the SW first decreases 

with decreasing FC radius, 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,  increases, thus the 

plasma column length decreases. The end result in 

Figure 9(a) is in full opposition with experiments 

since, in reality, the SW plasma column becomes 

significantly longer when surrounded by a FC at cut-

off (Figures 7(a) and (b)). 
 

 

 

Figure 9: Ignoring the space-wave radiation phenomenon: (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); (b) calculated SW attenuation coefficient  showing that as a function of the FC radius it decreases 

drastically to reach a minimum value (130  10 mm) and then slightly increases to set to a constant value. 

 

4 Space-wave power loss as a function of the 
faraday cage (FC) length under cut-off 
conditions and corresponding radiation 
pattern 

Figure 10 establishes through calculations (surfatron 

dimensions extended to 915 MHz from those of 

Hagelaar and Villeger at 2450 MHz [13]) and 

without any fitting that a little more than 30% of the 

power absorbed, originally intended 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). As the FC length is increased up to 6 

cm, the radiation power loss is found to drop off 

rapidly while for longer FC lengths, the power 

diminishes comparatively slowly to reach a zero 

value at LFC = 22 cm, the assumed plasma column 

length for the calculations. 
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Figure 10: Calculated power radiated by the space wave as a 
function of the FC length at cut-off for a 2450 MHz surfatron 
wave launcher assumed operated at 915 MHz [13]. With no 
cage at all (LFC = 0), approximately 30% of the absorbed power 
is lost in space-wave radiation. RFC is presumed to be 22 mm 
and plasma column length 220 mm. 

 

Figure 11: Measured plasma column lengths as functions of 
(absorbed) microwave power at 915 MHz for different lengths 
of the FC at cut-off. Same conditions as in Figure 7(a). 

Figure 11 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 ensuring stable and 

somehow reproducible measurements. Measured 

values obtained at 6.5 cm and up to 14.5 cm exhibit 

very similar plasma column lengths, as can be 

expected from calculations (Figure 10). 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 is believed, as already mentioned, 

to be related to the fact that the FC then totally 

encloses the plasma column length, preventing wave 

reflection which occurs when part of the plasma 

column goes through the open end of a FC shorter 

than the plasma column itself. 

 

Radiation pattern of the space wave 

Figure 12 is the calculated radiation pattern for 

the EM 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 0° when the 

FC length is 75 mm or longer, these lobes then 

becoming of lower and lower intensities, as expected 

from Figure 10. 
 

 

Figure 12: 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 , determined with respect to the SW 
propagation direction (discharge tube axis), is thus 
complementary of the polar angle relatively to a right angle. 

5 Discussion  

High-frequency (HF) fields are present all along the 

plasma column even though the SWD is generated 

only at some distance away from the launcher. For 

the time being, the explanations that follow are 

mostly assumptions: i) the HF radiation coming out 

from the launching interstice is akin to the one 

encountered in the near-field region of (short) 

antennas [12], and within this region there should not 

be yet EM waves (no phase coherence between E and 

H); ii) it is only at some distance past the near-field 

region that an EM field is constituted, which gives 

rise to space-wave radiation and, eventually, at the 

same location or near-by, to the EM SW that starts 

sustaining the plasma column; iii) in fact, the 
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maximum of HF field intensity reached (arrow in 

Figure 3) could mark the beginning of the formation 

of the true EM field. The question is whether the 

space wave and the plasma column SW are excited 

at this same location or the SW a little farther away 

down the plasma column; iv) when a FC at cut-off 

extends all along the plasma column length, the 

question is to what extent the space-wave radiation 

region has been reduced to the benefit of the SW 

propagating along the sole discharge tube, as 

discussed relatively to Figure 6(b). 

 

6 Summary  

To prove that a space-wave radiation segment 

necessarily anticipates the establishment of a SWD, 

three types of wave launcher, namely surfatron, 

surfaguide and Beenakker cavity, were utilized to 

that effect. In all three cases, it was observed that the 

SWD starts to develop only after the near-field 

radiation region, 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 (Figure 2(a) and (b)). It was further 

observed that the length of this non-SWD plasma 

segment decreases when frequency is increased. To 

determine whether we were observing a SWD, we 

relied on the fact that the axial variation of electron 

density of SWDs, in contrast to the (initial) non-

SWD segment, decreases linearly away from the 

launcher. 

Non-guided radiating space waves had been 

first reported by Burykin et al [14] coming from a 

positive plasma column along which a (non-

ionizing) SW had been launched. These authors 

attributed the far-field radiation pattern observed at 

an elevation angle  = 25° to a non-uniform portion 

of the cylindrical plasma column (a relatively abrupt 

change in the tube diameter) along which the SW 

was launched. Later on, space-wave radiation 

forerunning a SWD was disclosed by Lebedev [6]. 

We have shown that when sustaining a SWD, 

the accompanying space-wave generates EM 

emission in the lab with such intensity that it can 

prevent 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 to significantly reduce the non-

guided wave radiation in the room. This constitutes 

a further confirmation of the existence of space-wave 

radiation. At the same time and in contrast, SWDs 

should no longer be held responsible for the high 

level of radiation observed in the room since the 

corresponding SW is 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 30 mm minimum length FC. 

In such a case, according to our assumption, the 

space wave is transformed into a SW using the 

dielectric tube (as if it were empty) as its propagating 

medium, providing additional power flow 

contributing to more electrons in the SWD, these two 

waves propagating independently. 

 

7 Research perspectives  

The power loss through space-wave radiation with 

its invasive emission in the environment is a negative 

aspect of using SWDs that should be dealt with. In 

particular, one should try to take advantage of the 

operating conditions (frequency, tube diameter, gas 

pressure). A possible application, provided the 

space-wave radiation issue can be brought to an 

acceptable level, is in replacing conventional 

fluorescent tubes (in particular no more mercury 

required). 

Important open questions are: i) how is 

ionization achieved in the non-SWD segment; ii) 

where is the space-wave generated with respect to 

the SW sustaining the SWD; iii) how, when the 

plasma column is surrounded by a FC at cut-off, to 

describe the separate power flow of both SWs, 

specifically that propagating along the dielectric tube 

alone and that generating the SWD. 
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