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Different discharge morphologies in atmospheric Ar and He plasmas are excited by using a pulsed microwave hairpin
resonator. Ar plasmas form an arched plasma plume at the opened end of the hairpin, whereas He plumes generate only
a contracted plasmas in between both tips of metal electrodes. Despite this different point, their discharge processes
have three similar characteristics: (i) the ionization occurs at the main electrode firstly and then develops to the slave
electrode, (ii) during the shrinking stage the middle domain of the discharge channels disappears at last, and (iii) even at
zero power input (in between pulses) a weak light region always exists in the discharge channels. Both experimental results
and electromagnetic simulations suggest that the discharge is resonantly excited by the local enhanced electric fields. In
addition, Ar ionization and excitation energies are lower than those of He, the effect of Ar gas flow is far greater than that
of He gas, and the contribution of accelerated electrons only locates at the domain with the strongest electric fields. These
reasons could be used to interpret the different characteristic plume morphologies of the proposed atmospheric Ar and He
plasmas.

Keywords: atmospheric pressure plasma jet, pulsed microwave discharge, surface plasmon polaritons, hairpin
resonant discharge
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1. Introduction

Characteristic discharge morphologies richly exist in at-
mospheric pressure plasma jet (APPJ) plumes, whose for-
mation mechanism has been focused on because of its at-
tractive prospective in theoretical research and industrial
applications.[1,2] In the past decade, APPJ plumes generated
by a pulsed DC power supply or low-frequency voltages were
often observed as discrete bullet-shaped fronts moving along
with the jet axis, instead of luminous plasma jet plumes
watched by the naked eye.[3] Most of them were applied with
noble gases like Ar or He as working gas. For kHz Ar and
He APPJ plumes, the similar plume formations were often ex-
hibited besides that He plasma formed a longer and more sta-
ble plasma jet plume in comparison with Ar plasma. When
the frequency of the applied voltages increases to radio fre-
quency, the Ar APPJ plume will become a radial contraction
and filamentary, while He plasma jet will be constricted to
the electrodes.[4] The reasons for the changeable formation
have been extensively researched. The main influence fac-
tors are attributed to the dominant ionization processes. Ar
plasmas are included in stepwise ionization and He plasmas
are known to be direct ionization. Sometimes Penning ioniza-
tion might play an important role in the formation of distinc-

tive morphologies.[5–11] Generally speaking, He plasmas are
always with good performances, like lower breakdown volt-
age, higher portion of reactive species, more safety in elec-
trical shock and room gas temperature, in comparison to Ar
plasmas. In view of engineering applications, He plasmas are
more favorable than Ar plasmas at the applied frequency lower
than radio frequency.

To focus more attention on APPJ’s morphologies vary-
ing with the applied frequency, formations of microwave
(2.45 GHz) APPJ plumes have been adequately studied.
Munoz and Calzada[12] have studied the influence of the He
proportion on the radial contraction of the Ar plasma in a
surface-wave plasma setup. Takamura et al.[13] have investi-
gated the formation and decay processes of Ar/He microwave
plasma jet. It was found that the gas flow turbulence and the
recombination rate influenced the decay speed of plasma col-
umn at a power shut-off stage. Chen et al.[14,15] have shown
the filamentary streamer discharges excited by the enhanced
microwave resonator of surface plasmon polaritons (SPPs).
Hnilica et al.[16] have experimented on the characterization
of a periodic instability in filamentary surface wave discharge
at atmospheric pressure in Ar gas. Chen et al.[17] have re-
searched the propagation characteristics of a pulse-modulated
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surface-wave APPJ Ar plume. Lee et al.[4,18,19] have reported
a type of discharge formation in Ar and He plasmas by using
coaxial transmission line resonators (CTLR). Ar plasmas ex-
hibited plasma jet plumes with contracted and filamentary for-
mation, whereas He plasmas formed only constricted plasmas,
as the frequency varied from 0.9 GHz to 2.45 GHz. Recently,
Chen et al.[20,21] have obtained the bullet-shaped ionization
front and the donut shape cross section of Ar APPJ plumes
but only a confined He plasma by adopting a CTLR driven by
microwave pulses.

However, these previous works mainly focused on the
distinctive discharge morphologies and its formation processes
with no electrodes (surface-wave discharges[12–17]) or a sig-
nal powered electrode (CTLR discharges[18–21]). As for the
resonated discharges between two electrodes, Hopwood et
al.[22–29] have investigated the microplasma structure and life-
time of the electrodes to microstrip line resonators with a dis-
charge gap of about 100 µm. Although the frequency-scale
rule can regulate the characteristic of microwave discharges
between both electrodes, a dielectric surface might influence
the formation structure of the discharge because both elec-
trodes of microstrip line resonators are posted on a printed
circuit board. Moreover, Kang et al.[30] have reported a slit
shaped microwave atmospheric pressure plasma based on a
parallel plate transmission line resonator with a gap of 0.2 mm.
For overcoming the shortcut of a small gap, Chen et al.[31]

have proposed a microwave discharge in a free-space gap of
2 mm between both electrodes generated by a hairpin res-
onator. The plasma jet plume of the hairpin resonator per-
forms distinctive formations, like an arched plasma pattern
and local plasma bullets, and the radian of the arched plasma
plume is mainly influenced by the input power and Ar gas
flow rate. Therefore, in order to further investigate the for-
mation mechanism of microwave discharge at a larger free-
space gap between two powered electrodes, the present study
is mainly focused on the ionization process and the character-
istic morphologies of atmospheric Ar and He plasmas excited
by a pulsed microwave hairpin resonator.

2. Experimental setup and operations
Figure 1 shows the schematic of the hairpin resonator and

its discharge images. The proposed hairpin resonator is with a
U-shaped powered electrode as shown in Fig. 1(a). Due to the
applied microwave frequency of 2.45 GHz, the wavelength in
free space equals to 122.4 mm and three quarters of the wave-
length approximates to 92 mm. Thence the total length of the
U-shaped powered electrode is 45 mm and the whole length of
powered metal wire is 92 mm (45 mm×2+ 2 mm= 92 mm).
The U-shaped powered electrode is located at the center of a

quartz tube. The length of the quartz tube is 55 mm. The
inner and outer diameters of the quartz tube are 4 mm and
6 mm, respectively. The hairpin resonator is powered through
a Sub-Miniature-A connector, while the distance between the
power excitation point and the opened end of U-shape pow-
ered electrode is about 31 mm (a quarter of the wavelength).
This structure can make sure that the maximum voltage locates
at the opened side.[32,33] The tip of one powered metal wire is
with positive maximum voltage, and meanwhile the tip of the
opposite powered metal wire has negative maximum voltage.
Adding the tips of the metal wire being sharpened to about
0.05 mm, the strongest electric field is placed at the opened
side of the U-shaped powered electrode. A piece of copper
glue film is pasted around the outer surface of the quartz tube
(acted as grounded electrode). A pulse microwave power sup-
ply drives the hairpin resonator, which is composed of a pulsed
signal modulator (5 V pulse square wave with frequency of
10 Hz–200 kHz and duty ratio of 0.01–0.99), a microwave
signal generator (frequency of 2.4–2.5 GHz, output power of
100 mW, 2.45 GHz used in the present study), and a 48 dB
power amplifier (continued power output adjusted from 0 to
60 W, each pulse with a rise time velocity about 1 W/µs, and
a linear fall-time velocity of 25 W/µs).

Ar gas (or He gas) with 99.999% purity is used as work-
ing gas. The gas flow is controlled by a valve controller which
can change from 0 to 10 slm and monitored by a gas flow meter
(MF5700R). As shown in Fig. 1(a), the working gas is input
to the hairpin resonator and ejects from the opened nozzle of
the quartz tube into ambient air finally. When the pulsed mi-
crowave power higher than 2 W and the working gas flow of
1 slm are applied on the hairpin resonator, the discharge will
take place at the opened end of the U-shaped powered elec-
trode. Different working gases will induce different discharge
image patterns. Ar plasmas form an arched plasma plume at
the opened end of the hairpin resonator, whereas He plumes
generate only contracted plasmas in between both tips of the
U-shaped powered electrode, as shown in Fig. 1(b). In the ex-
periment, the time with pulsed microwave power is normally
about several tens of microseconds; however, the shortest ex-
posure time of a digital camera (Canon EOS 60D) is merely
0.125 ms. Thence the photo images taken by the Canon EOS
60D camera cannot apply to distinguish the ionization pro-
cess. In the present experiment, a fast-gated Andor ICCD
camera (iStar performance sheet DH340T, pixels: 2048×512,
minimum optical gate: 1.9 ns, exposure time in the span of
1.9 ns–10 s) is used to capture the discharge images, which is
triggered externally by the same signal channel of the pulsed
modulator in order to synchronize with the discharge genera-
tion.
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Fig. 1. (color online) (a) Schematic of the experimental system. Photo images of (b) Ar plasma and (c) He plasma are taken with
maximum power of 5 W, pulsed frequency of 10 kHz, duty cycle of 0.2, and gas flow rate of 1.0 slm.

3. Results and discussion
3.1. Distinctive plasma plume morphologies

When Ar gas flow of 1.0 slm and microwave pulses are
applied on the hairpin resonator, an arched plasma plume
can be generated at the opened end of the hairpin resonator.
Figure 2 shows a group of discharge images captured by the
ICCD camera. The pulsed frequency of 10 kHz, duty ra-
tio of 0.2, and pulsed power of 5 W are maintained. Hence

each pulse has a time of 20 µs with microwave power and
80 µs without microwave power. As shown in Fig. 2, dur-
ing the first 1 µs from 0 to 1 µs, the arched lightened pattern
seems dim, suggesting that it is the afterglow of the previ-
ous discharge. In the time of 1–2 µs, a light point appears
at the tip of the main electrode. At about the time of 3 µs,
the ionization develops to the slave electrode and thereafter
the more lightened arched pattern is formed. From 4 µs

0-1 1-2 2-3 3-4 5-6

7-8 9-10 11-12 13-14 15-16

17-18 19-20 21-22 23-24 25-26

27-28 29-30 31-32 39-40 49-50

59-60 79-80 99-100 0-50069-70

Unit: µs
5 mm

Fig. 2. (color online) Sequence of discharge images obtained using the ICCD camera with different exposure times. The time spans are
indicated in each image. A pulse frequency of 10 kHz, duty cycle of 0.2, peak input power of 5 W, and an argon gas flow of 1.0 slm are used.
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to 20 µs, the thickness of plasma plume grows and the dis-
charge domain stretches backward to both powered electrodes.
In the time of 21–24 µs, the discharge domains around the
metal wires decay, but the forward arched plume becomes
stronger in light intensity. After 25 µs till the next pulse, the
discharge comes into the afterglow period and the light inten-
sity damps more and more weakly. In order to check how long
the afterglow of microwave Ar plasma could persist, we reset
the pulsed frequency of 2 kHz, the duty ratio of 0.1, and the
pulsed power of 8 W. Then for each pulse microwave power on
time changes to 50 µs and microwave power off time reaches
450 µs. Figure 3 shows this group of discharge images. In
comparison to Fig. 2, the discharge process and the distinctive
formation are similar. It should be mentioned that the after-
glow of microwave Ar plasma plume can persist longer than
450 µs, which is the longest time for the afterglow of Ar APPJ
as far as we know.

Moreover, in combination with Figs. 2 and 3, the ion-
ization process of pulsed microwave Ar APPJ could be di-
vided into three develop phases, called reigniting, growing
up, and finally shrinkage. At the reigniting phase, the mi-

crowave power rises higher than 2 W, then the electrons lo-
cated at the tip of the powered electrode will be accelerated by
the local enhanced electric field, and hot electrons collided fre-
quently with Ar atoms will induce discharge. Due to the main
electrode having stronger voltage, the ionization occurs at its
tip firstly. Then the ionization process enters into the second
phase of growing up. The ionization front develops along the
previous discharge channel because there is an amount of Ar
excitation state atoms and lower plasma density left in the af-
terglow. Once the arched discharge channel reignites in whole,
the ionization domain will further occupy around the powered
electrode tips, and meanwhile the forward arched plume grows
thicker. In the final phase of shrinkage, the pump power dis-
appears, and the electrons around the metal wire will be cold
and be absorbed by electrodes quickly. The forward arched
plume continues to be overdense about 5 µs because it has
been heated too long and is with higher energy. In 5 µs af-
ter the microwave power is off, the forward arched Ar APPJ
plume damps to very a weak state and waits for the next mi-
crowave pulse.

unit: µs
5 mm

0-1 1-2 2-3 3-4 5-6

7-8 9-10 13-14 15-16 19-20

29-30 49-50 51-52 53-54 55-56

57-58 59-60 63-64 69-70 99-100

Fig. 3. (color online) A group of discharge images obtained by ICCD camera with exposure times of 1 µs. A pulse frequency of
2 kHz, duty cycle of 0.1, peak input power of 8 W, and an argon gas flow of 1.0 slm are used.

Next, we will continue to experiment on He discharge.

Besides using He gas instead of Ar gas, the input parameters

(pulsed frequency, duty ratio, microwave power, and gas flow)

are set to the same as Ar discharges in order to compare each

other. Figures 4 and 5 show the He discharge images, in which

their input parameters are the same as those in Figs. 2 and 3,

respectively. As shown in Fig. 4, the ionization starts at the

inner side between both electrodes but near the main electrode

at about 2 µs. After that time, the ionization front develops

to the slave electrode and the discharge channel forms in be-
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tween both electrodes. From 3 µs to 20 µs, the discharge chan-
nel becomes thicker. When the microwave pulse passes away,
the He lightened discharge channel damps more quickly than
Ar discharges besides that its middle domain of the discharge

channel disappears at last. As for Fig. 5, the total situation
is similar to Fig. 4 except that the reigniting stage is started
somewhat slowly because there are little He atoms in the exci-
tation state and lower electron density (shrinking too long).

unit: µs

5 mm

0-1 1.5-2.5 2-3 3-4

5-6 9-107-8 11-12

13-14 15-16 17-18 19-20

20-21 21-22 23-24 25-75

Fig. 4. (color online) A group of discharge images obtained by ICCD camera with the different exposure times. The discharge
conditions are the same as those for Fig. 2 except using He gas instead of Ar gas.

unit: µs
5 mm

1-2 2-3 3-4 4-5 5-6

7-8 15-16 19-20 29-30 39-40

49-50 50-51 51-52 60-460 0-5000

Fig. 5. (color online) Sequence of discharge images obtained by ICCD camera with the different exposure times. The discharge
conditions are the same as those for Fig. 3 except using He gas instead of Ar gas.
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In comparison with He discharge and Ar discharge, the
main difference is that He plumes generate only a contracted
plasmas in between both tips of the U-shaped powered elec-
trode, whereas Ar plasmas form an arched plasma plume at
the opened end of the hairpin resonator, as shown in Figs. 2–
5. Despite this difference, their discharge processes have three
similar characteristics: (i) the ionization occurs at the main
electrode firstly and then develops to the slave electrode, (ii)
during the shrinking stage the middle domains of the discharge
channels disappear at last, and (iii) even at zero power input (in
between pulses) a weak light region always exists at the dis-
charge channels. The difference in discharge formation might
be induced by the interaction between plasma plume and elec-
tric field or from the different ionization attributes of Ar/He
gasous.[4,22,31]

3.2. Electromagnetic simulations

For an electromagnetic wave distributed in a transmis-
sion line, the input microwave power of 1 W will excite the
maximum voltage amplitude of 10 V located at the opened
end of the electrode. Without plasma load, the input voltage
wave will be reflected from an opened end and should form a
standing wave with a maximum voltage amplitude of 20 V.[22]

The total length is three quarters of the wavelength and the
discharge device resonates for the proposed hairpin resonator.
The maximum voltage located at the opened end of the pow-
ered electrodes may get to 200 V.[27,28] The local enhanced
electric field can easily ionize gas discharge. However, once
the plasma load appears, the distribution of standing wave
changes and the maximum voltage at the opened end loses
probably. In order to study how the plasma load influences the
distribution of standing wave, simple electromagnetic simula-
tion models are developed by using a high-frequency structure
simulator (HFSS, Ansoft). The detailed settings of our models
can be referred in previous reports.[14,21,34,35]

Here, we will introduce the equivalent values of plasma
parameters, which are input to the simulation model. In simu-
lation, an equivalent dielectric is used to stand for plasma do-
main. HFSS simulator uses the electrical conductivity σ , rela-
tive permittivity ε ′p, and dielectric loss tangent tanδ . Thence,
we should deduce these three parameters from plasma param-
eters as[36–38]

εp = ε
′
p + iε ′′p = 1−

ω2
p

ω2 +ν2
en

+ i
ω2

p νen

ω (ω2 +ν2
en)

, (1)

σ = i
nee2

me (ω + iνen)
, (2)

tanδ =
∣∣ε ′′p /ε

′
p
∣∣ , (3)

where i =
√
−1 is the imaginary unit, me is the electron

mass, e is the charge of an electron, ω is the angular fre-
quency of microwave, νen = 1.53×1012

√
Te[eV] is the effec-

tive electron–neutral collision frequency, Te[eV] is the elec-
tron temperature in the unit of eV, ne is the electron density,
and ωp≈ 17.96π

√
ne[m−3] is the angular frequency of plasma

electrostatic oscillation. So if we know the values of Te[eV]

and ne[m−3], by using Eqs. (1)–(3) ε ′p, σ , and tanδ can be
counted, respectively. Our pervious simulation work had cal-
culated step by step the distribution of Te[eV] and ne[m−3] in
the ionization process.[31] We select three typical data groups
in terms of (Te[eV], ne[m−3]), like (0.05, 1017), (0.1, 1021),
and (0.1, 1019), representing the different discharge processes
of ‘pulse before’, ‘pulse on’, and ‘pulse after’, respectively.
Inputting them into Eqs. (1)–(3), another three digit groups in
forms of (ε ′p, σ , tanδ ) can be approximated correspondingly
as (1, 0.008, 0.064), (−13.6, 60, 34), and (0.85, 0.6, 5.4).
For Ar plasma plume, an arched plasma domain with radius
of 0.25 mm is set at the opened end of powered electrodes.
As for He plasma, a cylindrical plasma domain with radius of
0.35 mm is arranged in between both electrode tips.

Figure 6 shows the simulated electric field distributions of
Ar plasma model. Figure 6(a) gives the discharge process of
‘pulse before’ with the input power of 0.1 W and (ε ′p, σ , tanδ )
of (1, 0.008, 0.064). The standing wave is distributed along
the powered electrodes and the electric fields are enhanced at
the metal tips of both electrodes. The electric field located
at the main electrode is stronger than that of the slave elec-
trode. Figures 6(b) and 6(c) present the discharge processes
of ‘pulse on’, where (ε ′p, σ , tanδ ) is selected as (−13.6, 60,
34) but the input powers are applied in 3 W and 5 W, respec-
tively. At the pulse rise time about 3 µs (corresponding to
3 W), the discharge process is in the phase of reigniting, and
thence a half of the arched plasma domain is set at the tip of
the main electrode. Comparing Fig. 6(b) with Fig. 6(c), the
strongest electric field is placed at the up end of the half arched
plasma domain as shown in Fig. 6(b), while the end of the
main electrode again obtains the maximum value of electric
field as shown in Fig. 6(c). Figure 6(d) displays the discharge
process of ‘pulse after’ with the input power of 0.5 W and only
a forward arched plasma domain with parameter (ε ′p, σ , tanδ )

of (0.85, 0.6, 5.4). As shown in Fig. 6(d), the standing wave
pattern forms due to the plasma density being too weak.

As for an electromagnetic simulation of the He gas dis-
charge process, we change the location of the plasma domain.
Figure 7 shows four kinds of simulated electric field distri-
butions corresponding to the different discharge processes of
‘pulse before’, ‘pulse on’, and ‘pulse after’, respectively. Also
the parameters used in Fig. 7 correspond to those used in
Fig. 6. Despite their differences in the details, the standing
waves distribute along the electrode and the strongest electric
fields take place at the opened end of the hairpin resonator.

055202-6



Chin. Phys. B Vol. 27, No. 5 (2018) 055202

E field/VSm-1 
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(a)
 

(b)
 

(c)
 

(d)
 

log10(E)

E field/VSm-1

log10(E)

Fig. 6. (color online) Simulated electric field distributions for Ar plas-
mas with different plasma domains or different plasma parameters.

We also sample the simulated electric field distributions
in one microwave period. Figure 8 shows the simulated re-
sults varied along with the different microwave phases. The
plasma parameters used in Fig. 8(a) and Fig. 8(b) are the same
as those in Fig. 6(c) and Fig. 7(c) representing Ar discharge
and He discharge, respectively. It is interesting to note that
a hollow shape of the electric field distributed in the plasma
domains is always exhibited in disregard of the microwave
phases and gas discharges, as shown in Fig. 8. This charac-
ter suggests that conduction within the discharge channel is
sufficiently strong that the microwave energy can be able to
conduct through the plasma jet plume between the powered
electrodes. As shown in Fig. 8, another interesting point is at
phase 0.25π the enhanced electric field emerging around the
plasma domain, which indicates that the standing wave mode

located at the plasma domain is the SPPs.[38] At the transient
state of phase 0.25π , the standing wave mode is pure SPPs.
We can conceive that at other phase states the standing wave
mode would be the hybrid wave of an electromagnetic wave
plus the SPPs. The electromagnetic standing wave is driven by
the input microwave and locates along the metal electrode of
the hairpin resonator, while the standing wave of SPPs merely
takes place at the dielectric with negative refractive index like
plasma domain as the frequency of plasma electrostatic oscil-
lation is larger than the frequency of pumping wave. Although
both waves are with the different attributes, their wave modes
belong to transverse magnetic (TM) modes and they can be
transformed to each other by wave mode transforming.[37,38]

min. max.
5.00T103 9.05T104

5.00T103 9.10T105

min. max.
5.00T103 1.61T106

5.00T103 1.89T105

(a)

(c)

(d)

(b)

E field/VSm-1

log10(E)

E field/VSm-1

log10(E)

Fig. 7. (color online) Simulated electric field distributions for He plas-
mas with different plasma domains or different plasma parameters.

min. max. 

1.00T104 4.57T105 

min. max. 

1.00T104 1.61T106 

0

0.5π

0.25π

0.75π

0

0.5π

0.25π

0.75π

E field/VSm-1
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Fig. 8. (color online) Simulated electric field distributions with the different microwave phases for (a) Ar plasmas and (b) He plasmas,
respectively.
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3.3. Discussion on the discharge process

Combining the discharge images with the electromag-
netic simulations, the ionization process and the characteristic
morphologies of atmospheric Ar and He plasmas should be an-
alyzed. Before discharge, once the input microwave is applied
on the hairpin resonator, the standing electromagnetic wave
would be formed and the maximum electric field should be lo-
cated at the opened end of electrodes. Due to the larger gap
of 2 mm, in experiment we often need to apply a microwave
power higher than 6 W to ignite the discharge. After the ignit-
ing started, the applied microwave power could be decreased
to a lower value but higher than 2 W, which suggests that the
previous discharge can active the latter ionization process. We
assume that the influence factor is the afterglow effect. Be-
cause of the main electrode with much stronger electric field,
the reigniting would easily happen there, which has been ver-
ified by experiment as shown in Figs. 2–5 (at about 3 µs) and
by simulations as indicated in Figs. 6(a) and 7(a). At atmo-
spheric gas pressure, the ionization is governed by streamer
theory and the developed electron avalanche performs as an
ionization wave (plasma bullet), which has an enhanced static
electric field at its head part, called the ionization front.[1–3]

In addition, the proposed hairpin resonator is with three quar-
ters wavelength and both tips of electrodes have maximum
voltages with opposite polarities. Thence, the inner domain
between both electrodes has much stronger electrodes, which
would favor the ionization direction developing from the main
electrode to the slave electrode. At about 4 µs, the discharge
channel forms at the opened ends of both electrodes. After that
stage, on the one hand the discharge channel becomes thicker;
on the other hand the discharge develops backwards to elec-
trodes till to the microwave pulse damping. The discharge de-
velopment is still induced by the changeable stronger electric
field distributions as shown in Figs. 6(c) and 7(c). Once the
pumping microwave pulse disappears, the discharge domain
around the metal electrodes will decrease quickly because of
the thinner sheath region at atmospheric discharges and sheath
region damping quickly. The middle domain of the discharge
channel shrinks at last also due to this effect in part, and an-
other reason might be the plasma maintained by SPPs for a
longer time. There exists wave mode coupling among stand-
ing electromagnetic wave, SPPs, and static plasma electron
wave.[37,38] When the input microwave pulse is applied, the
order of wave mode transform is from the standing electro-
magnetic wave to SPPs and thereafter from SPPs to the static
plasma electron wave. The electrons accelerated by the elec-
tric field of the static plasma electron wave become hot and
thereby advance the ionization development. When the in-
put microwave pulse is passed, the transform order might be

from the static plasma electron wave to SPPs, then from SPPs
to the standing electromagnetic wave and finally wave modes
transformation conversely. From the view of energy conserva-
tion, the microwave power is mainly consumed by the plasma
plume. That is to say, the wave mode coupling can delay the
ionization development. This effect can be used to interpret
the middle domain of the discharge channels disappearing at
last, as shown in Figs. 2–6.

The above discharge processes are the common character-
istics of the hairpin resonator despite Ar discharge or He dis-
charge. But as for why they perform different plasma plume
patterns, the different ionization and excitation energies and
the gas flow effects for Ar and He atoms might be two main
affected factors.[39–41] As is well known, the molecular weight
of Ar atom is far more than that of He atom and the effect of
Ar gas flow is far greater than that of He gas. In our previous
experiment, we have observed that the radian of the arched
Ar plasma plume is mainly affected by the gas flow rate.[31]

The develop direction of the ionization front is from the main
electrode to the slave electrode, while the gas flow direction
is along the axis of the quartz tube. So the arched Ar plasma
plume pattern forms. For He plasma, however, it is mainly af-
fected by the direction of strong electric field and the He dis-
charge channel is merely in existence between the inner part of
both electrodes. Moreover, the different ionization and exci-
tation energies for Ar and He atoms also affect the formation
of discharge morphologies. Actually, the electron density of
the hairpin resonator is in the amplitude of 1021 m−3. Even at
its shrinking stage, the electron density is still approximated
in the order of 1019 m−3.[22,31] Under these intense conditions
for atmospheric Ar plasma, the Ar∗ (argon metastable) popu-
lation would be strongly depleted from the center of the dis-
charge channel due to two-step ionization.[27] The depletion
of Ar∗ from the center of the discharge channel would induce
the reducing of visible emission.[4,28] In other words, the en-
ergy damping used for light emission would be reduced and
the lightened arched domain could exist with the weak light
region in the discharge channel even at zero power input (in
between pulses). For Ar microwave APPJ, Ar∗ populations
located around the discharge channel are more intense,[40] the
Ar∗ lifetime is longer than 400 µs, and its afterglow is too in-
tense to shrink immediately in view of space and time, which
in all induce the formation of the arched plasma plume mor-
phology. As for He microwave discharge, on the one hand,
the plasma shrinking quicker than Ar plasma is due to its ion-
ization energy being much higher than that of Ar atom.[41] At
the shrinking stage, the local enhanced electric field weakens
much more quickly to lower than the threshed value that could
ionize the He atoms. On the other hand, the He APPJ might
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not suffer from metastable depletion and the energy damping
used for light emission would be more quickly.[27,42,43] The
energetic electrons that can ionize He atoms are only gener-
ated in between both tips of the metal electrodes, and thence
only a contracted discharge occurs, as shown in Figs. 4–5.

4. Conclusion
The ionization process and the characteristic morpholo-

gies of atmospheric Ar and He plasmas excited by a pulsed
microwave hairpin resonator have been studied. In discharge
experiments, the discharge images show that Ar plasmas form
an arched plasma plume at the opened end of the hairpin,
whereas He plumes generate only contracted plasmas in be-
tween both tips of metal electrodes. As shown in discharge
images captured by the ICCD camera, the discharge processes
have three similar characteristics in spite of whether Ar or He
discharges are used: (i) the ionization occurs at the main elec-
trode firstly and then develops to the slave electrode, (ii) during
the shrinking stage the middle domain of the discharge chan-
nels disappear at last, and (iii) even at zero power input (in
between pulses) a weak light region always exists in the dis-
charge channels. Combining the experimental results and the
electromagnetic simulations, we conclude that the discharge
is resonantly excited by the local enhanced electric fields dis-
tributed in a hairpin resonator. In addition, because Ar ion-
ization and excitation energies are lower than those of He, the
effect of Ar gas flow is far greater than that of He gas, the con-
tribution of accelerated electrons only locates at the place with
the strongest electric fields, the wave mode coupling could
maintain the ionization development for a longer time, and the
Ar∗ population would be strongly depleted from the center of
the discharge channel but not for He discharges. These effects
together could generate the different characteristic plume mor-
phologies of the proposed atmospheric Ar and He plasmas.

To focus more attention on the present interesting study,
there still exist several opening questions that are valuable
for future investigations. For example, in experiment we
have done the microwave discharge with two electrodes in
a free-space gap of 2 mm. Whether there has a larger gap
in free space that could be constructed for microwave dis-
charge is a more interesting study point due to the much longer
discharge channel being capable of indicating the ionization
process clearly in space. In simulation, the present electro-
magnetic model is somewhat too simple. Although we have
taken the plasma parameters varied with the ionization de-
velopment into account, the self-interaction between the de-
velopment of plasma plume and the input microwave power
is much more complicated. A more sophisticated simulation
model is still in training and reorganizing from our previous

models. Maybe a self-consistent fluid model [31,32,44–49] or a
particle-in-cell model plus Monte Carlo calculator (PIC/MCC)
[22,50–56] could indicate much more physical information for
hairpin resonators.
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