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We analyze the electromagnetic interaction between local surface plasmon polaritons (SPPs) and an atmospheric
surface wave plasma jet (ASWPJ) in combination with our designed discharge device. Before discharge, the excitation of
the SPPs and the spatial distribution of the enhanced electric field are analyzed. During discharge, the critical breakdown
electric field of the gases at atmospheric gas pressure and the surface wave of the SPPs converted into electron plasma waves
at resonant points are studied. After discharge, the ionization development process of the ASWPJ is simulated using a two-
dimensional fluid model. Our results suggest that the local enhanced electric field of SPPs is merely the precondition of gas
breakdown, and the key mechanism in maintaining the discharge development of a low-power ASWPIJ is the wave-mode
conversion of the local enhanced electric field at the resonant point.
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1. Introduction

Microwave discharges at atmospheric gas pressures have
been investigated for a wide variety of industrial purposes.
Several applications, including gas analysis, surface process-
ing such as metal surface nitriding, gaseous waste treatments,
medical instrument sterilization, and high-velocity fuel ig-
nition, have been developed and/or improved.['* Most of
these applications require plasma sources that generate stable
plasma glow in open air rather than confined discharge gaps.
An atmospheric surface wave plasma jet (ASWPJ) is produced
because it is more suitable for localized three-dimensional
(3D) treatments. However, because of the difficulty in gas ion-
ization at atmospheric gas pressure, many microwave plasma
sources working in air need a higher excited microwave power
for gaseous discharges, generally from kilowatts up to even
megawatts. >~!11 Consequently, an important factor in the effi-
cient discharging of the system is focused on the engineering
design.

Recently, based on the local enhanced electric field of sur-
face plasmon polaritons (SPPs), a low-power ASWPJ was ob-
tained from gas ionization when the incident power reached

20 W.112:131 I addition, a resonant excitation of SPPs was pro-
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posed to produce the ASWPJ. However, an alternative mech-
anism must be developed for the excitation of SPPs, since
SPPs cannot be excited directly by an incident electromagnetic
wave. In many previous studies, SPPs were excited either by
creating periodical inhomogeneity on the metal surface or by
placing a diffraction grating in front of the metal surface.[!4-17]
However, in our ASWPJ sources, only one shortened copper
wire placed at the inner surface of the quartz tube can response
for the excitation of SPPs and further justly with 20 W incident
power, the gas discharge of the ASWPJ can come into being.
In other words, the electromagnetic coupling relationship be-
fore discharge and after discharge has not been studied clearly.

The purpose of this paper is to discuss the electromag-
netic interaction relationship between local SPPs and the at-
mospheric surface wave plasma jet. The rest of the paper
is organized as follows. Before discharge, the excitation of
SPPs and the spatial distribution of their enhanced electric
field are analyzed in Section 2. During discharge, the criti-
cal breakdown electric field of gases at atmospheric gas pres-
sure and surface wave mode conversion at resonant points
are researched in Section 3. After discharge, using a two-
dimensional (2D) fluid model, the ionization development pro-
cess of the ASWPIJ is simulated in Section 4. Finally, the con-
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clusions are summarized in Section 5.

2. The excitation of SPPs and their spatial dis-
tribution

2.1. Experimental setup and discharge experiments

In order to realize the lower power microwave discharge
and the excitation of SPPs, the present study is conducted on

12131 Figure 1(a) shows the

an atmospheric pressure jet device.!
schematic of the jet structure. The 2.45 GHz power microwave
with TEj9p mode is through one tapered rectangular waveg-
uide of 236 mm in length, 50 mm in height (one end) and fur-
ther through a narrowed rectangular waveguide of 200 mm in
length and 10 mm in height. Then, another tapered rectangu-
lar waveguide of 236 mm in length and 50 mm in height con-
nected with a tunable short plunger at one end is joined with
the narrowed rectangular waveguide at another end, which can
be used to adjust the strongest electric field located at the cen-
tral position of the narrowed rectangular waveguide. All the
waveguides are 110 mm wide. A 5 mm radius hole is carved
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into the central wall of the narrowed rectangular waveguide to
couple the microwave power into the quartz discharge tube. A
stainless-steel sleeve, as shown in Fig. 1(a) — 45 mm long, 5
mm outer radius and 4 mm inner radius — is then placed at the
upper side of the hole. The quartz tube (dielectric permittivity
€3 = 3.78) — 250 mm long, 4 mm outer radius and 3 mm inner
radius — goes through the central hole of the metal sleeve/the
waveguide, respectively. A copper wire with a radius of 0.40
mm and a length of 48 mm is set along the inner surface of
the quartz tube, which is 10 mm long and below the central
wall of the narrowed rectangular waveguide. The microwave
power is provided by a 2.45 GHz magnetron with input power
variable from 0 W to 1000 W, and equipped with a water circu-
lator to avoid power reflection damage. Besides argon (purity
of 99.999%), other gases such as helium, nitrogen, or even air
can be used as the working gas. The gas flow for argon is con-
trolled by a gas flow controller (D07-7C/ZM) with maximum
flow limits of 1.0 slm (standard liter per minute). The gas flow
in the discharge tube is maintained at a flow rate from 0.1 slm
to 1.0 slm.
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Fig. 1. (color online) (a) Schematic of the jet structure, and discharge images under different discharge conditions: (b) 20 W, 0.5 slm,

(c) 90 W, 0.3 slm, and (d) 120 W, 2.4 slm.

When an input power of 20 W and argon gas flow of
0.5 slm are applied to the discharge tube, filamentary streamer
discharges are generated in the whole quartz tube, as shown in
Fig. 1(b). The plasma parameter can be adjusted by the gas
flow rate and the applied power. When argon is injected with
a gas flow rate of 0.3 slm, an input power of 90 W is applied
to the discharge tube and a lightened plasma jet is generated
in the whole quartz tube, as shown in Fig. 1(c). The light pat-
terns of the jet flame in Figs. 1(b) and 1(c) show that there are
several bifurcations at the end of the downstream plume, and

this is called the microwave discharge mode of the filamentary

streamer discharge in air.!!! In addition, a four-tube discharge
array design is accomplished (as shown in Fig. 1(d)). In this
new design, a stainless-steel sleeve and a narrowed rectangu-
lar waveguide are reconstructed. Using a simple case as an
example, the metal sleeve has four holes and the waveguide
has a larger cavity. When the total input power of 120 W is
coupled into each quartz discharge tube, an argon plasma jet is
equably generated in each tube. The length of the jet is about
2 cm on average, as shown in Fig. 1(d). As we know, the cross-
section of the single plasma jet is typically very small, which

makes large-area surface processing particularly difficult. Us-
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ing plasma jet arrays may be a promising way to overcome
this shortcoming. However, because of the independent char-
acteristics of the individual plasma plumes in most cases, and
the fact that they do not merge in open air, it is very difficult to
achieve uniform plasmas.!'®! These difficulties do not exist in
our four-tube plasma jet array, as shown in Fig. 1(d), as each
jet plume works independently and they seemingly attract each
other. Why the discharges in our case present as expected is
very interesting but complicated, and further detailed work is

needed.

2.2. The excitation and spatial distribution of SPPs

In theory, SPPs produce an electromagnetic wave that
propagates along the planar interface between a metal and a
dielectric medium.!"”=2!1 The surface wave of SPPs (only the
transverse magnetic (TM) mode) can propagate along the in-
terface and dissipate exponentially in spread distance. The
propagation constant ks, on the dielectric—metal interface is

[14]
® [ €m€a
kg = 2 EmEL_ ()
c\ &n+&

where o is the angular frequency of the electromagnetic wave,

given by

c is the velocity of the electromagnetic wave in vacuum, &, =
1— wg / (a)2 +iol ) and & are the relative permittivity of
the metal and dielectric, respectively, @, = [¢*Ne/(€me)] 12
is the angular frequency of the plasma in metal, I" is the
damping rate, and N, is the electron density of the metal.
Considering @,/I" > 1 (e.g., @ = 1.2 x 10' rad-Hz and
I" = 1.45 x 10'3 Hz for silver in the visible frequency bands),
Raether et al.!'! proposed some traditional approximation ex-

pressions as follows:

2 27c &+ € )
Aspp=7—=—— <m ) 2
TP, o\ e

for the wavelength of the SPPs and

1 gl (£d+£,’n>3/2

2L, Emo \ gl

Spp = 3)
for the spread distance of the SPPs, where €/, and € are the
real and imaginary parts of &, respectively. Thence, for the
incident wave of @=27 x 2.45 x 10° Hz, the wavelength of the
SPPs is about 6.0 cm (but not the wavelength in the free space
of 12.25 cm). Due to the momentum between the incident
wave and the surface wave of the SPPs not being consistent,
the SPPs cannot be excited directly by an incident electromag-
netic wave.

For the excitation of the SPPs, the wave mode conversion
method should be applied. As for our discharge device, the
spatial distribution of the electric fields is shown in Fig. 2. The

wave mode of the incident wave in the narrowed rectangular
waveguide is the TE;p mode with a wavelength of 14.9 cm,
but the wave mode of the SPPs along the surface of the cop-
per wire is the TM mode with a wavelength about 6.0 cm.
Although the wave modes are different, the directions of the
electric fields of the two waves have the same E, component,
which ensures that they couple with each other, as shown in
Fig. 2. In order to verify the above analysis, we used HFSS
(software based on the FEM method produced by ANSOFT)
CAD simulation programs for 3D numerical modeling of the
Maxwell equations. According to the variational principle,
HFSS solving the Helmholtz equation is determined by!??!

F(E) :///Q (VXE)-(VxE)-k&E*|dQ, ()

where (2 is the field of integration, and subscript i is ex-
pressed by d (dielectric) or m (metal), respectively. Here,
equation (4) is the electric field governing equation in the
non-source domain, and further the boundary condition that is

set at the boundary and the wave excitation port established as
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Fig. 2. (color online) The spatial distribution of the electric fields.
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Fig. 3. (color online) The simulated electric field distribution in the
discharge tube.
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the driven port are adopted synchronously. The simulated
model is the same as the experimental setup except without
plasma (incident power of 20 W, before discharge). Figure 3
shows the E field distribution in the discharge tube. The dis-
tribution of the simulated electric field with two peaks along
the quartz tube is obtained, and the wavelength scale (about
6.0 cm) is consistent with our previous theoretical calculations

based on SPPs, as analyzed above.

3. The surface wave of SPPs converted into an
electron plasma wave

3.1. The critical breakdown electric field of the gases

As is known, the gas is not ionized to produce plasmas un-
til the electric field reaches the critical value of gas discharge

E., which is in terms of[2%24]

E. = 2.415 x 10°me (Yen /nn) P/ 2U; / (2M), )

where P is the gas pressure, Ye,/nn = 2.40 x 10713 m?.s~1,

U; = 15.755 eV, and M = 6.634 x 1026 kg are the momen-
tum transfer collision rate, ionization energy, and atom mass
for argon gas at atmosphere, respectively. For nitrogen gas at
atmosphere, Yen /AN = 5.94 x 10713 m3.s7!, U; = 15.580 eV,
and M = 4.683 x 1072° kg are the momentum transfer col-
lision rate, ionization energy, and atom mass, respectively.
For oxygen gas at atmosphere, %, /7Ny = 2.86 x 10713 m3.s71,
U; = 12.08 eV, and M = 5.352 x 10726 kg are the momen-
tum transfer collision rate, ionization energy, and atom mass,
respectively. Then, at atmosphere, the critical electric fields
are approximately 3.0x 10°> V/m for argon, 8.9x10° V/m for
nitrogen, and 3.1x 10° V/m for oxygen, respectively.

Here, it should be noticed that although the critical elec-
tric field for oxygen is about 3.1x10° V/m, the actual break-
down electric field for pure oxygen gas is larger than 10° V/m,
which is due to the electronegativity of oxygen. This effect
can be verified by the fact that the critical electric field for air
is about 3.0x 10% V/m at atmosphere. The maximum value of
the simulated E field is 1.98x10° V/m with an input power
of 20 W, as shown in Fig. 3. Then, the maximum value
of the E field is larger than the critical discharge E field of
3.0x10% V/m for argon. The discharge experiment also sug-
gests that the discharge occurs as the input power is actually
larger than 20 W. Hence, the discharge can occupy the region
around the copper wire where the E field of the SPPs is en-
hanced near the metal surface.

3.2. Wave mode conversion at the resonant point

Here, the electromagnetic waves in the planar-type SW
plasma sources will be analyzed. Figure 4 shows the schemat-

ics of the 2D model, which is simplified from the proposed

experimental setup. We assume plasma density distributions
with an up-arc parabola pattern (similar to that from the dis-
charge measurement/?)). The function expression of the

plasma density distribution can be written as

f(x)=1—(2x/d—1)*. (6)

We now solve the eigenfunction for the TM modes of the
SPPs. Combined with the first two curved Maxwell’s equa-
tions and assuming an exp(—it) dependence for E and B,

we obtain 20

2 d d’ 2

Koo g P+ | g +Hhoe (0] G =0, @)
d

G+ [k — K3 (x)] F =0, (8)

In order to obtain the detailed distribution of the E field, sub-
stituting Eq. (8) into Eq. (7) obtains

&G kepp
dx? k2, —kfe & dx dx

To solve Eq. (9), boundary conditions are necessary. We
now consider the boundary condition located at x = 0 in our
model, as shown in Fig. 4. Here, we choose the normaliza-
tion G (x=0) = 1, which makes the eigenmode amplitudes
E independent of the excitation source.!*’! As for the bound-
ary condition placed at the location of x = d, the E field de-
creases largely, as shown in Fig. 3. For simplicity, we set
G (x =5 mm) = 0.05, whose value originates from the E field
located at the central position of the narrowed rectangular
waveguide.

We then further consider the solutions of Eq. (9) in the
plasma domain. Here, &, in Eq. (9) should be replaced by

wgof (x)

®(®+1Ven)’

p:

and Ve, ~ 1.52 x 107P\/Te (for argon gas, T; is the electron
temperature), which is not a constant and will induce diffi-
culty in the analytic solutions. Considering two boundary con-
ditions at x =0 and x = 5 mm, we use the matrix pursuing
method to solve Eq. (9) numerically. The values of F can be

solved in combination with Eq. (8) as G is obtained.
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Fig. 4. (color online) The schematics of the 2D analytic model.

Figure 5 shows the results of the E field distribu-
tions, in which the maximum plasma density is assumed as
1.0x 10" m~3 and the collision rate is set according to gas
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pressure P. When P = 0 and Vg, = 0, the amplitude distribu-
tion of the tangential electric field, which decreases from 1 to
0.05 in the plasma domain but quickly goes up to two peaks in
the interim layers, is obtained, as shown in Fig. 5(a). The loca-
tion of the peaks lies in the place (@, = @), where the plasma
density is exactly equal to 7.4x10'® m~3. Furthermore, the
amplitude distributions of the x-direction E field largely decay
in both sides of the peak location, as shown in Fig. 5(b). It
should be mentioned that the E field distribution near the peak
position is related to the gradient distribution of the plasma
density, and there are zero imaginary parts of the E field be-
cause of Ve, = 0. Similar results can also be obtained when
the input gas pressure is 10 Pa. Then, due to the existence of
collision damping, imaginary parts of the E field also present
near the peak points, as shown in Figs. 5(c) and 5(d). When
P = 10° Pa at atmospheric pressure, the amplitude distribu-
tion of the tangential electric field, which decreases from 1 to
0.05 in the whole plasma domain, is obtained, as shown in
Fig. 5(e). The amplitude distributions of the x-direction elec-
tric field decay slowly for only the real parts, but the imaginary

parts decrease at two boundaries, as shown in Fig. 5(f).
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Fig. 5. (color online) The E field distribution results. (a) O Pa, Ez, (b) 0 Pa, E, (c) 10 Pa, E;, (d) 10 Pa, E,, (e) 10° Pa, E., and (f) 10° Pa, E,.

In order to study the plasma heating mechanism of the
SPPs, we further analyze the wave mode conversion at the res-
onant point. On the one hand, the energy of the imaginary

parts of the E field is damping to heat plasma directly by col-

lisions. As shown in Fig. 5, the efficiency of this plasma heat-
ing effect is high at lower gas pressures but not at atmosphere.
On the other hand, the real parts of the E field peak at lower

pressures but decrease solely at atmosphere. As in our pre-
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vious analysis,!?®%] the real parts of the x-direction E field
can convert to electron plasma waves (a)zza)g + 3v§1k2, Vi
is the electron thermal velocity) at the resonant point. After
this energy conversion, the electron plasma waves propagate
in the discharge domain with energy damping by collisions
(Ohmic heating) or the Landau damping process. >’ Although
the maximum amplitude of the real parts of the x-direction £
field at atmosphere is smaller than that at lower gas pressure,
the real parts of the x-direction E field at atmosphere exist in
the whole plasma domain, which ensures that the wave mode
conversion always occurs. Hence, wave mode conversion at
the resonant point plays an important role in heating plasma to
overdense states, in particular for gas discharge at atmospheric
pressure.

4. Fluid simulation in the ionization develop-
ment process of ASWP]J

4.1. The fluid simulation model

In contrast to the experimental investigations, numerical
simulations of the discharges driven by microwave power at at-
mospheric pressure, such as the ionizing characteristics, have
been studied less. Although the proposed discharge character
has been simulated by particle-in-cell/Monte—Carlo collision

(121 fluid simulation research on the discharge process

models,
is needed for more complete information on the plasma char-
acteristics from starting ionization in order to reach its sta-
ble state. Here, we operate fluid simulation of the proposed
plasma jet in argon gas at atmosphere.

The simulation model is a 2D fluid model developed
using the COMSOL multiphysics software (version 4.2 or
4.3), which is the same as the experiments. The interaction
between the plasmas and E fields is described by the fluid
method, P9 and the collision processes are treated with the
collision method.?!! In the initial parameter setting, the in-
cident microwave power is applied with 20 W. The density
of the initial plasmas is loaded uniformly with a density of
1.0x 10" m~3. The background neutral gas of argon is main-
tained at a gas pressure of 760 Torr (1 Torr = 1.33322 x 10> Pa).
The gas temperature of T, = 300 K and the electron tempera-
ture of . = 2.0 eV are input as the initial temperatures. As for
a detailed description of the plasma domain equations, bound-
ary conditions, and plasma chemistry, one can refer to the
MW discharge interface in the plasma module user’s guide of
COMSOL.B?

4.2. The ionization development process of ASWP]J

Figure 6 shows a group of plasma electron density distri-
butions at different time steps, 0.5 ns, 1.0 ns, 5.0 ns, 10.0 ns,
50.0 ns, 100.0 ns, 500.0 ns, and 1000.0 ns, respectively. In the
time span between 1.0 ns and 5.0 ns, the ionization starts. Af-
ter about 10.0 ns, the front plasma heads begin uninterrupted

growth in the negative z direction. At about 500.0 ns, the pio-
neers of the plasma heads arrive at the domain too close to the
tail of the jet plasma plume, which can be easily verified by
the distribution of the electron density at 1000.0 ns, in compar-
ison with that at 500.0 ns, as shown in Fig. 6. Figure 7 shows
a group of electron temperature distributions in the working
space at different time steps of 0.1 ns, 0.5 ns, 1.0 ns, 5.0 ns,
10.0 ns, 50.0 ns, 100.0 ns, and 500.0 ns, respectively. Com-
paring them, the longer the plasma is heated, the stronger the
T: in the domain near the end of the copper wire. In the time
span between 0.1 ns and 0.5 ns, the electrons are only then
accelerated, which is faster than the electron density growth.
Similarly, at about 500.0 ns, the electron temperature distribu-
tion reaches its stable state.

ne/m—3
20 0.5 ns x 50.0 ns

1X10 ——— |

1x10'® 1.0 ns 100.0 ns

1x1016 | \ E ]

1x1014 5.0 ns 500.0 ns
ol — -

1><1012 ‘ ] _aa———————
10.0 ns 1000.0 ns

1x1010

Fig. 6. (color online) Simulated plasma electron density distributions at
different time steps: 0.5 ns, 1.0 ns, 5.0 ns, 10.0 ns, 50.0 ns, 100.0 ns,
500.0 ns, and 1000.0 ns, respectively.

T./eV 0.1 ns T 10.0 ns
45 0.5 ns 50.0 ns ‘
=]
3.0 1.0 ns 100.0 ns z
1.5 5.0 ns 500.0 ns

v I

Fig. 7. (color online) Simulated electron temperature distributions at
different time steps: 0.1 ns, 0.5 ns, 1.0 ns, 5.0 ns, 10.0 ns, 50.0 ns,
100.0 ns, and 500.0 ns, respectively.

It should be mentioned that the simulated discharge pro-
cess occupies the domain around the copper wire, which is
in good agreement with our experimental study, as shown in
Figs. 1(b) and 6 (1000.0 ns). An integrated image of over
eight shots in whole, the distribution of the electron density
is similar to that of the photograph taken from the discharge
experiment, as shown in Fig. 1(b). Figure 8 shows a group
of electric field distributions at different time steps of 0.1 ns,
0.5 ns, 1.0 ns, 10.0 ns, 50.0 ns, 100.0 ns, and 500.0 ns, re-
spectively. As shown in Fig. 8, the electric field of the SPPs
exists in the time range 0.1 ns—0.5 ns, which is due to the inci-
dent wave from the excitation port to the copper wire needing
about 0.33 ns (10 cm / 3 x 10'° cm/s). During the plasma
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density increase, the interaction between the local SPPs and
plasma enhances the local E field of the SPPs, and this inter-
action reaches its stable states at about 500 ns. Therefore, a

conclusion can be obtained that the local enhanced E field of
the SPPs plays an important role in the ionization development
process of ASWPJ, comparing Figs. 6 and 7 with Fig. 8.

E,/V-m™!
7.5X10°

(b)
£ 6.0X10 0.5 ns

-4.5X10°

|
10.0x10%

E field/V-m~!

1.0
3.0%x10° =

1.5X105 10.0 ns

2.0x10*

1000.0 ns

Fig. 8. (color online) Simulated electric field distributions at different time steps. (a) In the whole discharge device at a time of 0.5 ns,
(b) in the discharge tube at times of: 0.1 ns, 0.5 ns, 1.0 ns, 10.0 ns, 50.0 ns, 100.0 ns, 500.0 ns, and 1000.0 ns, respectively.

In order to further study the discharge mechanism, we
combine Figs. 6-8. Firstly, in our ASWPJ experimental setup,
the electromagnetic wave is input into the narrowed rectangu-
lar waveguide, which excites the existence of the enhanced E
field of the SPPs around the copper wire and accelerates the
electrons and further ionizes the atmospheric argon gas to pro-
duce plasma. Secondly, along with the increasing density of
the plasma, the surface wave of the SPPs will be converted
into electron plasma waves at resonant points and disseminate
the wave energy to heat the plasmas. Finally, the electrons ac-
celerated by the enhanced electric field collide with the neutral
argon atom and the density of the argon excited state atom syn-
chronously increases. When the large-quantity argon excited
state particle transmits to its atom state with lower energy, we
can observe the discharge image as shown in Fig. 1(b). This
is the ionization development process of ASWPJ. Moreover,
it is interesting to find that the plasma growing paths all walk
near the quartz surface, which may be caused by wave mode
conversion at the resonant point (as shown in Fig. 5), where
the diffusive loss of electrons to the dielectric walls of the col-
umn occurs, followed by the accumulation of surface charges
on the dielectric walls. Thus, although it is interpreted that
the discharge process produced in argon gas originates via the
above assumption, further simulation or experimental works

are needed to confirm this hypothesis.

5. Conclusions

In summary, this paper studies the low-power ASWPJ
produced from gas ionization excited by the local enhanced
electric field of SPPs, the electromagnetic coupling between
before discharge and after discharge, and the electromagnetic
interaction between local SPPs and the atmospheric surface
wave plasma jet. Before discharge, the excitation of SPPs
takes place at the surface of the copper wire, and the spatial
distribution of its enhanced electric field is simulated by oper-
ating an electromagnetic simulation model. During discharge,
the electromagnetic energy coupling relationship for heating
plasma is analyzed, and the surface wave of SPPs converted
into an electron plasma wave at resonant points plays a main
role in heating plasmas. After discharge, the ionization devel-
opment process of the ASWPJ is simulated using a 2D fluid
model, and the discharge process reaching its stable states at
a time of about 500.0 ns is obtained. The study results of this
paper suggest that the local enhanced electric field of SPPs in-
duces gas breakdown easily, and the wave mode conversion of
the local enhanced electric field at the resonant point mainly
determines the discharge development.
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