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This paper presents a method to produce a microwave-excited atmospheric-pressure plasma jet

(ME-APPJ) with argon. The plasma was generated by a microwave-driven micro-plasma source

that uses a two-parallel-wire transmission line resonator (TPWR) operating at around 900 MHz.

The TPWR has a simple structure and is easier to fabricate than coaxial transmission line resonator

(CTLR) devices. In particular, the TPWR can sustain more stable ME-APPJ than the CTLR can

because the gap between the electrodes is narrower than that in the CTLR. In experiments per-

formed with an Ar flow rate from 0.5 to 8.0 L�min�1 and an input power from 1 to 6 W, the rota-

tional temperature was determined by comparing the measured and simulated spectra of rotational

lines of the OH band and the electron excitation temperature determined by the Boltzmann plot

method. The rotational temperature obtained from OH(A-X) spectra was 700 K to 800 K, whereas

the apparent gas temperature of the plasma jet remains lower than �325 K, which is compatible

with biomedical applications. The electron number density was determined using the method based

on the Stark broadening of the hydrogen Hb line, and the measured electron density ranged from

6.5� 1014 to 7.6� 1014 cm�3. TPWR ME-APPJ can be operated at low flows of the working gas

and at low power and is very stable and effective for interactions of the plasma with cells.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4989728]

I. INTRODUCTION

Non-thermal atmospheric-pressure plasmas (APPs) have

diverse industrial and biomedical applications1,2 such as

sterilization,3 cancer treatment,4 and fuel reforming.5

Microwave-excited APP sources have unique features and

potential.6 Microwave-excited plasmas have several advan-

tages over low-frequency plasmas: high density of electrons

and reactive species, low breakdown powers, low heavy-

particle temperatures, and lower discharge voltages.7–9

Furthermore, the mean energy of the ion flux which reaches

the electrode decreases as the driving frequency increases.10

APP devices that work with microwave power generally

have low sheath voltage, low power dissipation, and long

operational lifetime.11 In particular, the microwave-excited

resonator that uses transmission lines (TLs) can operate with

high power efficiency.7,12

A variety of APP sources with TL resonators use a coax-

ial transmission line,7,12 a micro-strip line,13 or a parallel

plate transmission line.14 Because the APPs or microwave-

excited atmospheric-pressure plasma jets (ME-APPJs) that

use TL resonators have different characteristics in size,

shape, and plasma physics, the TL resonators can be

designed and customized according to the purpose of use.

Microwave-driven TL resonators can be made palm-sized

due to the high frequency operation. Furthermore, a simpli-

fied microwave model of the plasma impedance can be easily

drawn and analyzed to verify that the power efficiency of the

TL resonator increases in the presence of ME-APPJ.7,11,12

As a result, an optimized microwave power module for ME-

APPJ can be manufactured, even in integrated circuits or on

a single chip, so ME-APPJ can be operated using batteries.

However, the TL resonators are difficult to fabricate and

must be tuned after assembly. Thus, for effective and stable

generation of the ME-APPJ, the structure of APP devices

that use TL resonators must be simplified.

This paper reports a microwave-excited plasma generator

at atmospheric pressure based on a two-parallel-wire transmis-

sion line resonator (TPWR). The TPWR is designed and fabri-

cated in a manner similar to a previous report.12 To ensure

that the device operates at resonance, its length is a quarter-

wavelength at the operational frequency of �1 GHz. Due to

the simple configuration, the TPWR is easier to fabricate and

adjust than the coaxial transmission line resonator (CTLR).

Moreover, the TPWR sustains stable ME-APPJ because the

gap between the electrodes can be designed to be<500 lm

while maintaining the 50-X characteristic impedance Z0 of a

two-parallel-wire transmission line. The TPWR for ME-APPJ

was manufactured as follows: First, an analytic solution based

on the microwave theory was obtained to determine the appro-

priate location of power feeds to dispense with the need for

extra matching circuits. Second, a numerical analysis with

COMSOL Multiphysics was performed to confirm the calcu-

lation and to design the TPWR. The electric field intensity

generated by the TPWR was estimated by simulation. Finally,

the actual device was fabricated and characterized.

For characterization, the gas temperature was measured

using a fiber optic temperature sensor, and the opticala)Author to whom correspondence should be addressed: thchung@dau.ac.kr
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characteristics of the ME-APPJ with the TPWR were investi-

gated. The electron excitation temperature was estimated by

using the Boltzmann plot, and the rotational temperature was

determined by comparing the measured and simulated spec-

tra of rotational lines of the OH band. The electron density

was obtained based on Stark broadening of the Hb spectral

line profile of the measured emission spectra. Then, a chemi-

cal probe method was used to measure the reactive species

generated in the ME-APPJ treated liquids. The TPWR ME-

APPJ was applied to plasma treatment on cells in-vitro to

assess its applicability in biomedicine.

II. DESIGN OF THE TPWR

TPWR is composed of a two-parallel-wire transmission

line that uses air as a dielectric and a connector. The TPWR

is short-circuited at one end and electrically open at the other

end, where l1 is the distance from the short port of the

TPWR to the feeding point and l2 is the distance from the

feeding point to the open port of the TPWR [Fig. 1(a)]. To

operate at resonance, the lengths of the two wires are one-

quarter the wavelength of the operation frequency of

�900 MHz. The electric field intensity is the highest at the

open port of the resonator, where the plasma is generated.

The Z0 value of the two-parallel-wire transmission line is

determined by the characteristic impedance g0 of free space,

the dielectric constant er of air, the diameter d of the wires,

and the distance D between their centers [Fig. 1(b)]:

Z0 ¼
g0

p
ffiffiffiffi
er
p cosh�1 D

d

� �
: (1)

In this work, Z0¼ 50 X, so d¼ 6.5 mm and D¼ 7 mm.15

Consequently, the gap s, where the plasma is ignited, is

0.5 mm. The microwave power is coupled into the device via

a subminiature type A (SMA) connector [Fig. 1(a)].

After the analytic solution was found using the equation

of input impedance for a quarter-wavelength resonator,16

numerical analysis was performed with the commercial soft-

ware to confirm the calculation. The simulation domain and

electric field estimation of the TPWR (Fig. 2) consider two

parallel wires and the SMA connector to investigate micro-

wave propagation and reflection coefficient S11 at resonant

frequency f0 of the TPWR with COMSOL Multiphysics

based on the finite element method [Fig. 2(a)].17 The feeding

point to transfer maximum power was tuned by changing the

location of the SMA connector in the simulation. The elec-

tric field at the open port of the TPWR with an input power

of PIN¼ 0.01 W was estimated to be 1.14� 104 V�m�1 [Fig.

2(b)]. PIN is defined as the net microwave power, i.e., the dif-

ference between incident power to the TPWR and reflected

power from the TPWR. Considering the simulation result of

the electric field, the TPWR can generate the APP with

increasing PIN up to a few watts by using either an additional

metal tip or an extra ignitor.16 The extra ignitor does not sig-

nificantly affect the matching condition of the TPWR until

the APP has been ignited at the open end of the device.

III. FABRICATION AND EXPERIMENTAL SETUP

A. Fabrication of the TPWR

The TPWR was designed and manufactured to operate

at 1 GHz (Fig. 3). For the given frequency, the quarter-

wavelength k/4¼L¼ l1þ l2¼ 75 mm, which is the same as

the length of the two-parallel-wire transmission line of the

resonator. Both electrodes of the TPWR are made of stain-

less steel 304. A solid bar of stainless steel 304 (ST1 Co.)

was used for the short-circuit at the end of the TPWR. The

bar was welded to be tight to the wires. A hole was drilled

through the solid bar to enable the working gas flow into the

FIG. 1. Schematic of the TPWR: (a) configuration of the TPWR and (b)

cross-section of two-parallel wires and design parameters of the transmission

line. d¼ 6.5 mm and D¼ 7 mm, gap s where the plasma is ignited is 0.5 mm,

l1 is the distance from the short port of the TPWR to the feeding point, and

l2 is the distance from the feeding point to the open port of the TPWR.

FIG. 2. Electric field analysis of the TPWR: (a) simulation domain of the

TPWR with COMSOL and (b) result of electric field distribution with an

input power of 0.01 W.
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gap between two parallel wires. An SMA connector (PSF-

S03-000-1cc, Gigalane Co.) that uses Teflon as a dielectric

was installed to couple the microwave power. The inner and

outer conductors of the SMA connector were made of beryl-

lium copper and stainless steel, respectively. The ground

wire of the TPWR was machined to join the SMA connector.

Then, the microwave power was applied by connecting the

center pin of the SMA connector to the powered wire. It was

manufactured to minimize the disturbance caused by the

SMA connector. The same material properties were consid-

ered in simulations.

Specific parameters (Table I) of the TPWR were sum-

marized at each stage (e.g., finding an analytic solution of

the power feeding location, conducting the simulation, and

fabricating the device). For all processes, the length of the

resonator was 75 mm, air (er � 1.0) is applied to the two-par-

allel-wires transmission line as a dielectric, and Z0 was

designed to be 50 X. Theoretically, the power-feeding point

to the TPWR, where no matching circuit is necessary, was

found to be l1¼ 3.0 mm. Computations demonstrated that the

optimal location of the feeding point is l1¼ 5.4 mm. Based

on the simulation result, the actual device was manufactured

and tuned to find the optimal feeding point. However, the

device is likely to be modified from the initial design. For

the best power efficiency of the fabricated resonator, the

optimal condition where the value of S11 is minimum should

be found. Hence, the location of the feeding point was deter-

mined by moving the position along the TL, as a matter of

convenience, while fixing the length of the resonator. For

instance, as l1 was changed to 4, 5.6, and 9.3 mm, S11 and the

resonant frequencies differed significantly [Fig. 4(a)].

Eventually, the feeding point of the device manufactured

was determined to be 5.6 mm (Fig. 3). Furthermore, the

reflection coefficients by the simulation with COMSOL and

the measurement using a network analyzer were compared

[Fig. 4(b)]. The f0 values for the analytic solution, simulation,

and fabrication were 1 GHz, 960 MHz, and 920 MHz, respec-

tively (Table I). Because precise implementation of the device

according to the theoretical calculation and the design parame-

ter is difficult, f0 is likely to vary slightly.

B. Experimental setup

The experimental setup is similar to a previous report.13

A signal generator (Agilent E8251A) and a linear power RF

amplifier (OPHIR RF 5016A) were used to supply power to

the TPWR. The incident and reflected powers were moni-

tored using two directional couplers (CK-68N), power sen-

sors (E9300A), and power meters (E4416A). The resonant

frequency and reflection coefficient of the device were

FIG. 3. Configuration of TPWR for

operation at 1 GHz.

TABLE I. Specific parameters of the TPWR for analytic solution, simula-

tion, and fabrication.

Analytic solution Simulation Fabrication

Length of device (l1 þ l2) 75 mm 75 mm 75 mm

Dielectric material Air Air Air

Characteristic impedance Z0 50 X 50 X 50 X
l1 3.0 mm 5.4 mm 5.6 mm

l2 72 mm 69.6 mm 69.4 mm

Resonant frequency f0 1 GHz 960 MHz 920 MHz

FIG. 4. Measurement of reflection coefficients (S11): (a) change in the S11

and resonant frequencies (f0) at different locations of the feeding point and

(b) comparison between simulation and experiment of S11.
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measured using a network analyzer (HEWLETT PACKARD

8753D), and the optical emission spectrum of the APP was

measured using two kinds of spectrometers: a photodiode-

array spectrometer (Ocean Optics USB2000þXR1-ES) and

monochromator (SPEX 1702) with a photomultiplier tube

(PMT) (Hamamatsu R928). A microwave power of up to

10 W was supplied directly to the TPWR from the signal

generator and power amplifier. As shown in Fig. 5, the

TPWR was covered by the acrylic case for gas feeding. The

operating gas (Ar) flows into the acrylic case which envelops

the TPWR to concentrate the Ar gas at the open end of the

resonator. The plasma jet was used to treat the liquid samples

or cancer cells in Petri dishes. The gas temperature TG was

measured using a fiber-optic temperature sensor (Luxtron

M601-DM&STF).

To identify excited species in the plasma jet, optical emis-

sion spectra were obtained using a simple photodiode-array

spectrometer. To obtain fine structured rotational bands of OH

and to measure Stark broadening, a higher resolution spec-

trometer is used. The light emitted by the plasma was focused

with a lens (focal length, 30 mm; diameter, 12 mm) onto an

optical fiber into an entrance slit of a 0.75 m monochromator,

equipped with a grating of 1200 grooves per millimeter and a

slit width of 80 lm. The light was collimated at the exit slit

where a photomultiplier tube converted photons into an elec-

tric signal. As shown in Fig. 5, an optical fiber is directed per-

pendicular to the open end of the electrodes and the distance

to the plasma is about 50 mm (plasma – focusing lens – opti-

cal fiber end). The detection system was calibrated in intensity

using a quartz halogen lamp with a known spectral radiance.

OH� is one of the most active species generated in moist

gas mixtures. Knowing the production mechanisms and mea-

suring the absolute density of OH species will help guide

adjustment of treatment doses and allow for the optimization of

the plasma process for specific applications.18 OH radicals

detected in the plasma-treated liquid originate mainly in the gas

phase although some OH generation is possible at the liquid

interface by photo-dissociation of water molecules by UV emit-

ted by the plasma jet. The electron-impact reactions including

those by plasma-activated neutral species contribute strongly to

the generation of OH species in the gas phase. The OH in the

gas phase spreads into the liquid phase and reacts with water to

produce various biologically active reactive species. The pres-

ence of H2O2 accelerates the decomposition of ozone and

increases the concentration of OH radicals in water.19

As a method to detect OH radicals, we used the hydroxyl-

ation of terephthalic acid (TA) because this process is a typi-

cal photocatalytic reaction that specifically oxidizes TA. The

OH radical reacts with TA to form hydroxyterephthalic acid

(HTA), which fluoresces. When the solution containing TA

and HTA molecules is irradiated by UV, the HTA molecules

emit light at k¼ 425 nm, whereas TA molecules do not.20 An

LED light source (Ocean Optics, k¼ 310 nm and FWHM,

10 nm) was used to excite hydroxyterephthalic acid (HTA) in

a cuvette, and the spectrum near k¼ 425 nm was recorded

through an optical fiber by using a spectrometer. An aqueous

solution of TA was prepared by dissolving TA (Sigma) in dis-

tilled water containing NaOH (Wako). The initial concentra-

tions of TA and NaOH were 3 mM and 10 mM, and the initial

pH was 8. The dish plate (diameter, 20 mm) including liquids

was irradiated with the plasma (for 5 min), and samples of the

liquids from dish after plasma treatment were taken using a

cuvette to observe the fluorescence after exciting by the light

source. The fluorescent signals were converted into concentra-

tions using an authentic 2HTA external standard. A series of

2HTA dilutions in NaOH solution was made to generate a cal-

ibration curve over the range of 0.5–100 lM.20

To investigate the in-vitro cellular effect induced by

plasma treatment, we treated melanoma (Hs 895.T) cells

using a microwave jet plasma. The cells were maintained in

Dulbecco’s Modification of Eagle’s Medium (DMEM) and

supplemented with 10% fetal bovine serum (FBS) and

100 U�ml�1 of penicillin. Our cell lines were bought from

American Type Culture Collection (ATCC). The base

medium for this cell line (ATCC, CRL-7637TM) is ATCC-

formulated DMEM (ATCC, 30–2002). To make the com-

plete growth medium and culture cells properly, we added

the following components to the base medium: FBS (the

most widely used serum-supplement for the in vitro cell cul-

ture of eukaryotic cells) to a final concentration of 10% fol-

lowing the manufacturer’s recommendation. The penicillin

(Hyclone, USA) was used to prevent bacterial contamination

of cell cultures due to their effective combined action against

gram-positive and gram-negative bacteria. Cells were incu-

bated at 37 �C with humidified air and 5% CO2. For sample

preparation, cells were trypsinized and transferred to cover

glass-bottom (confocal dish) and 60-mm Petri dishes. The

nitrite concentration was determined using the Griess reagent

(Molecular Probes).21 The plasma plume was in contact with

liquid layers (2 mm) of serum-free Hanks’ balanced salt

buffer solution (HBSS). This buffer solution (Hyclone,

USA) used to maintain the osmotic pressure and pH in cells.

The resonance frequency and gas flow rate were 846 MHz

and 0.5 L/min, respectively. To investigate the response

under different discharge conditions, in every case, the fixed
FIG. 5. Photograph of the Ar TPWR ME-APPJ covered by the acrylic case

for gas feeding.
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distance between the open end of electrodes and surface of

liquids was 1 mm. The dish including cells (103 cells) was

irradiated with the plasma (1–3 min), and samples of the

liquids from dish after plasma treatment were taken using a

96-well plate. The absorbance at 548 nm was measured using

a Versamax Microplate Reader (Molecular Devices). In

order to quantify the nitrite concentrations, a calibration

curve was prepared using the standard sodium nitrite solu-

tions (Molecular Probes). The intracellular generation of

reactive oxygen species (ROS) after plasma treatment was

detected by fluorescence microscopy using 20,70-dichloro

fluorescein diacetate (DCF-DA) (Molecular Probes), which

diffuses into cells and is deacetylated by cellular esterases to

nonfluorescent 20, 70-dichlorodihydrofluorescein (DCFH).22

In the presence of ROS, DCFH is rapidly oxidized to highly

fluorescent DCF. Cells (105 cells) in dishes were pretreated

with 10 lM DCF-DA for 3 min at 37 �C in the dark. Then,

cells were exposed to the plasma (and/or gas flow only) for

10 s and 20 s and incubated for 3 min. Fluorescence-

activated cells were detected and analyzed using a fluores-

cence microscope (Nikon TS100-F).

IV. CHARACTERIZATION AND APPLICATION

A. Plasma plume and gas temperature

Figure 6(a) represents the variation of plasma plume as a

function of the input power at the gas flow rate of

8.0 L�min�1. The resonant frequency of the device with the

plasma load was 823 MHz, where the maximum power can be

delivered from the power supply to the TPWR. An increase in

the input power results in the enhancement of the electric field

intensity at the open end of the TPWR, which in turn increases

the power deposition to the plasma and consequently causes

an increase in the plasma volume in the direction parallel to

the electrode of the resonator. Figure 6(b) presents the varia-

tion of plasma plume as a function of the gas flow rate at an

input power of 1.61 W. The plasma volume did not change

much with the gas flow rate. However, as can be noted from

the dotted lines in the figure, with a decrease in the gas flow

rate, the position of the plasma was moved farther from the

open end where the electric field is expected to be the highest.

This could be attributed by a complex gas flow within the

acrylic case in a lower gas flow regime. Figures 6(c) and 6(d)

show the dependence of gas temperatures on the input power

and gas flow rate, respectively. The gas temperature was mea-

sured 1 mm below the open end of TPWR. As can be seen in

the figures, TG was affected by PIN and Ar gas flow rate FAr.

As shown in Fig. 6(c), the increase in PIN caused a continuous

increase in TG. At a gas flow rate of 2.0 L�min�1, the gas tem-

perature increases from 39.5 to 46 �C as the input power is

increased from 1.6 W to 4.9 W. The measured TG values are

comparable to those of the CTLR microwave source.7,12 An

increase in PIN led to an increase in gas heating, which is

immediately followed by an increase in the plasma volume. In

Fig. 6(d), the input power was kept constant at approximately

2.58 W for all gas flow rates. TG was found to decrease as FAr

was increased; this trend seems to be mainly attributed to an

increase in the collision frequency of hot plasma species with

the surrounding cold molecules.23 These results indicate that

the plume temperature can be adjusted effectively by control-

ling FAr. The plasma remained at room temperature

at FAr> 1.0 L�min�1, which is desirable for biomedical

applications.

FIG. 6. (a) Variation of plasma plume as a function of the input power at a

gas flow rate of 8.0 L�min�1 (b) Variation of plasma plume as a function of

the gas flow rate at an input power 1.61 W. The dependence of gas tempera-

tures on input power (c) and gas flow rate (d). The gas temperature was mea-

sured 1 mm below the open end of TPWR.
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B. Electron excitation temperature and OH rotational
temperature

To identify reactive species that are generated in the dis-

charge and subsequently expelled with the gas flow, optical

emission spectra were recorded in the wavelength range of

200 nm� k� 1000 nm (Fig. 7). In this case, to identify the

plasma species incident to the samples, the optical probe was

placed at 15 mm below the open end along the wire axis. The

strongest emission was the N2
* band at 337.1 nm (C3 P u! B3

P g), but many nitrogen lines, excited Ar atom lines (2p� 1s),
and excited oxygen lines were also observed. The N2

þ band at

391 nm (B2P
u
þ ! X2P

g
þ) was weak compared to that from

helium jets. The emission spectrum clearly indicates a relatively

strong emission from reactive species such as OH (309 nm) and

NO (283 nm). The OH radicals are produced from water vapor

in the Ar flow, which is humidified by water adsorbed on the

inner surface of the argon line and the wire tube. The presence

of the nitric oxide (NO) line at 283 nm is due to chemical con-

version of N and O2 (or N and O). These highly reactive species

such as O, OH, and NO are considered to be the most effective

agents in attacking cells or organic materials in general.

Especially (although not shown in figures), the intensity

from the reactive species OH was nearly linearly related to

the power dissipated in the discharge. A given emission

intensity from a species can be regarded as a measure of the

concentration of the species for a qualitative analysis.

Therefore, operation at high PIN may increase the richness of

these reactive species.

TG can also be inferred from the rotational temperature

TR of diatomic species, which is expected to be in equilib-

rium with TG in atmospheric-pressure plasmas. Microwave-

excited plasmas usually have a very large gradient of the gas

temperature. In the core of the bulk plasma region, the gas

temperature can be assumed to be comparable to the rota-

tional temperature of OH or N2
þ molecules. However, just at

a few mm away from the plasma core, the gas temperature

rapidly drops nearly to room temperature. To obtain the rota-

tional temperature of OH, the simulated spectral profiles of

OH, obtained from the simulation program (Rotem2 from

Ref. 24), are compared with the measured ones, as shown in

Fig. 8. To obtain the best fit between the experimental and

the synthetic spectral bands, a least-square procedure was

used. The fine structure of the rotational band of OH (A
2Pþ ! X2P transition) from 306 nm and 310 nm was fitted

to obtain TG. The simulated spectrum at 720� TR� 750 K

gave the best fit to the experimental spectrum, whereas the

apparent temperature of the plasma jet remained � 325 K,

which is compatible with biomedical applications.

Figure 9(a) presents the emission spectrum (obtained via

a monochromator/PMT) from 390 nm to 900 nm observed in

Ar ME-APPJ (5.4 W, 0.5 L�min�1). In this case, to capture the

plasma properties, the orientation of the optical probe was per-

pendicular to the wire axis. There exist many Ar 3p!1s peaks

at 394.9 nm, 404.4 nm, 415.9 nm, 420.1 nm, 427.7 nm, and

434.5 nm and many 2p!1s peaks at 750.4 nm, 696.5 nm,

706.7 nm, 738.3 nm, 750.4 nm, 763.5 nm, 794.8 nm, 801.4 nm,

811.5 nm, 826.5 nm, and 842.5 nm. From the measurement of

intensity and k, the Boltzmann plot was obtained [Fig. 9(b)].

As can be seen in Fig. 9(b), the Ar population distribution

over the energy levels is compatible with the Boltzmann dis-

tribution in our experimental conditions. Therefore, the

Boltzmann-plot method can be used to calculate the electron

excitation temperature TEXC for the TPWR ME-APPJ. The

TEXC value was determined using from the selected Ar

2p� 1s and 3p� 1s transition lines. Because TEXC may be

used as a rough indication of the electron temperature,25 these

results suggest that the TPWR ME-APPJ can achieve higher

mean electron energy than that in low-frequency APPJs. The

calculated TEXC was in the range of 0.5 �1.2 eV. The change

in PIN did not affect TEXC much [Fig. 9(c)], but a decrease in

FAr caused a slight decrease in TEXC [Fig. 9(d)], possibly due

to an effective increase in the air mixing, which causes an

increase in the frequency of electron-neutral collisions.

C. Electron density measurements by Stark
broadening

Spontaneous emission lines emitted by the plasma are

broadened by various mechanisms. For plasmas at atmo-

spheric pressure with moderate electron density and temper-

ature, the most important broadening mechanisms are the

FIG. 7. Emission spectrum taken at 15 mm below the open end of Ar TPWR

ME-APPJ (4.67 W and 0.5 L�min�1).

FIG. 8. Measured and simulated optical emission spectra around the OH

line at 309.6 nm to determine the rotational temperature. For a simulated

spectrum, the instrumental broadening of 0.2 nm is used.
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Stark broadening, Doppler broadening, and van der Waals

broadening.26 The characteristic instrumental function of the

optical system causes line broadening called instrumental

broadening. The total broadening of the line profile is due to

the combined contribution of all causes. Stark and van der

Waals mechanisms have a Lorentzian profile. The Doppler

broadening and the instrumental broadening have a Gaussian

profile. The convolution of the Gaussian and Lorentzian

components results in a Voigt profile.

The electron density can be determined using the optical

emission spectroscopy (OES) of the line shape of the Balmer

transition (4–2) of atomic hydrogen at 486.13 nm (Hb line).27

For a given TG and gas density, the full-width at half-

maximum (FWHM) of van der Waals broadening (Dkvdw)

and Doppler broadening (DkD) can be calculated.27–29 The

effect of Doppler broadening has been determined using the

following expression: DkD¼ 7.16 � 10�7 k (TG/M)1/2 (k is

the wavelength in Å, TG is the gas temperature in K, and M is

the atomic weight in g mol�1), and van der Waals broadening

profiles are related to the gas pressure p and temperature TG.27

The Hb spectral line profile [Fig. 10(a)] was measured in

Ar TPWR ME-APPJ, and the Voigt profile was fitted to the

experimental points [Fig. 10(b)]. The fitting was made using

the Voigt function with a Gaussian line width of 0.23 nm [in

FIG. 9. (a) Emission spectra from

390 nm to 900 nm observed in Ar

ME-APPJ (5.4 W, 0.5 L�min�1). (b)

Boltzmann plot method to estimate

the excitation temperature. The elec-

tron excitation temperature as a func-

tion of (c) input power and (c) gas

flow rate is also shown.

FIG. 10. (a) Measured Hb line profile

(the red curve represents the low-pass

noise filtered signal) and (b) the Voigt

function add to the normalized line

profile points for Ar ME-APPJ with an

input power of 5 W and a gas flow rate

of 2 L�min�1. The electron density

obtained from Stark broadening as a

function of (c) input power and (d) gas

flow rate is also shown.
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our typical case, DkI¼ 0.22 nm, DkD¼ 0.01 nm (TG¼ 750 K),

DkV (FWHM of the Voigt profile)¼ 0.36 nm]. The shape and

the FWHM of the instrumental broadening DkI were deduced

by recording the Ne line (633 nm) emitted by a He–Ne laser.

The resulting value of the FWHM of the Lorentzian profile

DkL (¼DkvdwþDkS) enabled us to calculate the electron

number density ne in the Ar plasma by the formula of the

GKS theory or of the Gig-Card theory.29 We can simply use

the DkS (nm) of Stark broadening which is related to ne

(cm�3) by28

DkS ¼ 2:0� 10�11n2=3
e :

In our typical case, we have DkL¼ 0.21 nm and Dkvdw

¼ 0.057 nm, and then, we obtain Dks¼ 0.151 nm. Calculated

ne using the data from Ref. 28 has a value of 6.6 � 1014 cm�3,

and it is observed to increase slowly as PIN increased

[Fig. 10(c)]; this trend is correlated with the increase in

the plasma column length (Fig. 5). Calculated ne increased

from 6.5� 1014 to 7.6� 1014 cm�3 as FAr increased from

0.5 to 2.0 L�min�1 [Fig. 10(d)]. The calculated values of ne

are comparable to those of similar types of microwave

sources.27,29

D. OH concentrations by the TA method

The plasma was ignited, and the TA solution was

exposed to the effluent. The resonance frequency and gas

flow rate were 846 MHz and 0.5 L/min, respectively. To

investigate the response under different discharge conditions,

in every case, the fixed distance between the open end of

electrodes and surface of liquids was 1 mm. The fluorescence

intensity increased after reaction with the plasma; the change

was used to estimate the quantity of OH radicals trapped by

TA. The fluorescence intensity corresponds to a time-

integrated OH radical concentration in the liquid. Figure 11

shows the fluorescence spectra of HTA as functions of treat-

ment times (0, 1, 3, 5, 7, and 10 min) and input powers (4.11

and 4.66 W). As treatment time elapsed, the fluorescence

intensity increased [Fig. 11(a)]; this change indicates an

increase in the total amount of OH radicals trapped by TA.30

The 2HTA concentration increased nearly linearly with treat-

ment time [Fig. 11(b)]. The calculated OH radical density in

the solution was comparable to that obtained by high-voltage

(up to 20 kV) pulsed discharge.30 The fluorescence spectra of

HTA as functions of PIN [Fig. 11(c)] indicate that the OH

concentration increased with PIN, in agreement with the pre-

vious measurement of the OH density.20

E. Plasma-cell interactions

Reactive nitrogen species are also formed in the liquid

phase. Figure 12 shows the results of the nitric oxide (NO)

quantitation assay performed on HBSS buffer solution after

plasma treatment. No significant difference is observed in

gas-treated control liquids. On the other hand, the nitrite con-

centration increased after plasma exposure with increasing

treatment times (1–3 min) and input powers (2.7, 3.7, and

5.7 W) [Fig. 12(a)]. It is observed that the concentration in

the presence of melanoma cells is higher than that in the

absence of cells [Fig. 12(b)]. This suggests that the plasma

can influence NO production not only in the liquids but also

in the cells, indicating that the plasma-activated buffer solu-

tion affects cell response. The plasma-induced radicals in the

gas phase may be transported into and react with the buffer

solution and, finally, interact with the biological systems of

the cells.31

In order to examine the plasma-induced intracellular

response, we used a permeable fluorescence probe (DCF-

DA). In ROS observation, we marked points on a dish and

treated those points for 10 s and 20 s with the plasma. The

production of ROS was observed in those marked points.

Figure 13 shows the photograph of the plasma plume [Fig.

13(a), input power: 5.7 W] with dish containing cells (HBSS,

layer 2 mm) during treatment and the fluorescence images of

intracellular ROS generation induced by plasma exposure

FIG. 11. (a) Fluorescence spectra of aqueous TA solutions exposed to the

ME-APPJ for different treatment times (0, 1, 3, 5, 7, and 10 min) (open end-

to-liquid surface distance, 1 mm; the input power, 4.16 W). (b) 2HTA con-

centration obtained by plasma treatment to a TA solution as a function of

treatment time (input power, 4.16 W). (c) The dependence of fluorescence

spectra on input power (4.11 and 4.66 W) (treatment time; 5 min).
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with bright field images in melanoma cells. The intensity

level of the fluorescence was higher than that of gas-treated

cells [Figs. 13(b) and 13(c)]. The plasma-treated cell popula-

tions containing high levels of DCF fluorescence were dra-

matically increased with increasing exposure time [Fig.

13(d)]. In comparison to the intracellular ROS production in

the cells treated by low-frequency APPJs,32,33 Ar TPWR

ME-APPJ appears to cause a larger intracellular ROS pro-

duction. This might be attributed to the increased electron

density in the generated microwave plasma. Reactive oxygen

species such as hydroxyl radicals (�OH) detected in liquids

by the TA method (Fig. 11), and nitric oxide (Fig. 12) could

cause this cellular response. Plasma-activated liquids have

been shown to be effective in clinical therapy.34 Our newly

developed ME-APPJ may be a useful tool with high electron

density to activate liquids for clinical applications such as

targeting objects inside the body.

V. CONCLUSION

A microwave-excited atmospheric pressure plasma jet

(ME-APPJ) was generated by using a quarter-wavelength

two-parallel-wire transmission line resonator (TPWR). The

device has a simple structure and sustains stable ME-APPJ

due to the narrow gap of electrodes with Z0¼ 50 X.

The experiments were performed with 1�PIN� 6 W and

0.5�FAr� 8.0 L�min�1. TG increased with an increase in

PIN and decreased with an increase in FAr and in distance

from the open end of TPWR. TEXC was 0.5 �1.2 eV, and TR

of the OH band (306–311 nm) was 720 �750 K, and these

were nearly independent of PIN. ne was 6.5� 1014–7.6

� 1014 cm�3, depending on PIN and FAr. The jet has character-

istics of low-temperature jets; the trait is important for the

treatment of surfaces that are sensitive to elevated temperatures

while producing abundant reactive species. This device can

also be operated at low flows of the working gas and at low

power, which are well-suited for biomedical applications. The

plasma from ME-APPJ using TPWR was used to treat cancer

cells; the results proved that ME-APPJ is effective and conve-

nient for cell treatment.
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FIG. 12. Nitrite concentration as a function of treatment times (1–3 min) and

(a) input powers (2.7, 3.7, and 5.7 W) and (b) in the presence and absence of

cells (5.7 W) (each point represents the mean 6 SD of three replicates). The

treatment time for the gas-treated control was 3 min.
FIG. 13. (a) Photograph of the plasma plume during treatment and fluores-

cence images of intracellular ROS production and bright field images: (b)

gas-treated control cells (for 20 s), (c) plasma-treated cells (for 10 s), and (d)

plasma-treated cells (for 20 s). The input power is 5.7 W. The scale bar is

100 lm.
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