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Parametric observations on an atmospheric-pressure plasma sustained in ambient air by an argon
discharge excited by 2.45 GHz microwaves in an open-ended dielectric discharge tube are reported.
Microwave power, discharge tube dimensions, and argon flow rate were the major operating
parameters. Three distinctive plasma regions were observed: plasma filaments exiting from the
discharge tube, converging point of these filaments, and a plasma flame. At the filament-converging
point, argon atom excitation temperature, rotational temperature, and electron density were
measured by optical emission spectroscOPES in the operating range df3.0-5.0 liters per

minute of gas flow rate and650-950 W of microwave power. The measured excitation
temperature and rotational temperature wW&@0-5800 K and (2800—-3400K, respectively. The
electron density obtained by Stark broadening width of thg khe showed (5.0-8.0)

x 10 cm™3. It was observed that the volume of the plasma flame and the gas temperature were
increased with increasing the microwave power. On the other hand, higher gas flow rates increased
the electron density. In the plasma flame, the gas temperature measured by a thermocouple and OES
was in the range 0f1030-2200 K, which showed an exponential decrease in the axial direction
away from the converging point. @002 American Institute of Physics.
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I. INTRODUCTION path is much smaller than the probe dimension, so the usual

Atmospheric microwave induced plasridIP) sources collisionless-sheath model is not applicable. In the case of
P P air, for example, the electron—air molecule collision cross

have been studied for decades due to their many advantag(-,ése,Ction is 1.% 1015 crr?. When electron energy is 1 eV, the

such as the lack of the necessity for expensive vacuumIectron air molecule collision frequency is of the order of
equipment, low cost and simple systems, and easy operatioﬁ o oL d th f th q | y bout G 1011
Because of these advantages, many types of atmospheijr S 7an & mean free path is only about Gud.

MIP sources have been developed. In particular, the MCFF}'herefore, other diagnostic methods are needed to measure
(Microwave Continuous Flow Reacigh?® SWSP (Surface plasma parameters, and optical emission spectrosp$
Wave Sustained Plasid TIA (Torch with Axial gas has been used as one of the alternative diagnostics because of
Injection),*® MPT (Microwave Plasma Torotf and Micro-  its simplicity and nonintrusive nature. _
wave Cavity plasma® are well-known types of plasma This work concerns an atmospheric microwave-induced
sources using microwaves. The main application areas fdplasma generated in ambient air by an argon discharge sus-
these plasma sources have been in real-time metal emissigdined in an open-ended fused silica discharge tube. This
monitoring?® surface treatment, remediation of gases, andystem of a simple design is adequate for studying the char-
atomic spectrometry. acteristics of atmospheric pressure plasma. Three distinctive
For diagnostics, the electrostatic Langmuir proberegions were observed: plasma filaments exiting from the
method that is widely used for low pressure plasmas is gendischarge tube, the converging point of these filaments, and a
erally less useful for plasma produced at atmospheric preplasma flame. At the filament-converging point where the
sure. This is because the electron-neutral collision mean freemission intensity was the largest, the argon atom excitation
temperature and the rotational temperature of OH molecule
dAuthor to whom correspondence should be addressed. Electronic mailVere measured by OES_' The_ electron densny Was O_bta'ned
wchoe@mail.kaist.ac.kr from the Stark-broadening width of thegHemission line
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Applicator FIG. 1. Experimental setup of the atmospheric

microwave-induced plasma. A fused silica tube of 18
mm inner diameter in which plasma is generated is in-
serted perpendicularly to the wide wall of the WR-284,

wave guide. Argon gas is introduced from underneath
the tube to provide the plasma source. The top of the
tube is open to the air.

Directional coupler
and

Power monitor
Argon gas

profile. The gas temperature was measured at the plasnugptical fiber attached to the screen transported the local
flame with a thermocouple. Based on the measurements ptasma emission to a spectrometer. The spectrometer used
different microwave power levels and gas flow rates, invesfor the experiment was Chromex 250is with a 1200
tigation of the plasma characteristics was attempted, and thgrooves/mm grating. The entrance slit width was maintained
dependence of the plasma parameters on the operating caat- 50 um, and the integration time of the charged coupled
dition was studied. device(CCD) detector was set 480—300 ms.

Il. EXPERIMENTAL SETUP IIl. RESULTS AND DISCUSSIONS

Figure 1 shows a schematic view of the atmospheric At a relatively low microwave power level<(500 W)
MIP system under study. It consists of a 2.45 GHz micro-and gas flow ratg<2.5 liter per minutg¢pm)], plasma fila-
wave generator, WR-284 wave guide components, and a fielshents were observed as is often seen in other microwave
applicator. To maintain the reflected power below 1% of theplasma experiments.'° As the gas flow rate was raised
forward power, a three stub tuner was used. The reflectedbove (2.5-3.0 ¢pm at a fixed microwave power
power was dumped into a water load through the circulator(>500 W), the plasma filaments became longer and con-
The forward and reflected power were monitored by a direcverged to a single point that was located above the open end
tional coupler and a Schottky power detector. The WR-28%f the discharge tube. The distance from the end of the dis-
wave guide was tapered off to 80 m10 mm to increase charge tube to the converging point, which is denoted a3
the electric field strength in the region of interest. A fusedFig. 2, was(5—30 mm depending on the gas flow rate. With
silica tube of 18 mm inner diameter was inserted vertically,ncreasing the microwave power at a fixed argon flow rate,
perpendicularly to the wide wall of the wave guide, andthe number of the plasma filaments increased and each fila-
served as the discharge tube. The distance from the wawaent became longer within the discharge tube toward the gas
guide center to the open end of the tube was typically severahjection entrance, i.e., toward the bottom side of the dis-
centimeters. The discharge tube was located at a quegter charge tube. Howevell was almost unchanged with the
(wavelength of the microwave in the wave guidsvay from  microwave power level.
the shorted end of the wave guide where the electric field In the range of(650-950 W and above 3.0¢pm, a
intensity is at its maximum. This location was confirmed byplasma flame was formed starting from the converging point,
an HFSS (High Frequency Structure Simulajorcode as shown in Fig. @). The lengthL from the converging
simulatiort? in which the electric field intensity around the point and the diameteD at the half-length of the plasma
dielectric discharge tube was calculated. The top side of thBame region were measured as a function of microwave
discharge tube was open to the air. power. As shown in Fig. ®) where the gas flow rate was 4

A mixed gas of argon and a small amount of hydrogenfpm, L andD were (40—-90 mm and(12—-20 mm, respec-
(less than 1% of arggrwas introduced from underneath the tively, and they increased almost linearly as microwave
discharge tube to ensure a stable plasma generation, pswer P was increased. Supposing that the shape of the
shown in Fig. 1. The hydrogen was added to obtain a detecplasma flame is roughly two identical cones stacked one on
able level of H; emission intensity for electron density mea- top of the other, the plasma volume is proportionaPtb In
surement. All the measurements were performed under ththe range 0f(3.0-5.0 ¢pm, the plasma volume had little
same experimental conditions except that the gas flow ratdependence on flow rate.
and microwave power were varied. Above the critical gas flow raté5.0 €pm in the case of

Using a convex lens of 6.3 cm focal length, the plasma950 W), however, the vertical position of the converging
was imaged onto a screen with a 1:1 image size, and apoint was further raised, i.eH was increased due to the
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FIG. 3. Boltzmann plot of Ar | levels yielding the excitation temperature at
the filament-converging point. Because of the underpopulated low energy

2 state relative to the Saha equilibrium state, it is believed that the plasma is of
the recombining type. 850 W and 4@m.
—420
T corresponding to thp— q transition. Assuming a Boltzmann
1) distribution of the population of the atomic level, the emis-
a sion intensity is express&tf’ as
415
hc ng,A E
log= P Plexpg — P ) , (3.2
A Z(Texc) I(BTexc
0 T T T T v T v T 10 Ipq)\ Ep
600 700 800 900 1000 In =—1.4388< + constant, (3.3
pqu Texc

Microwave power (W)
o _ _ wheren is the number density of bound electrons in all ion-
FIG. 2. (a) Three distinctive plasma regiond, L, andD are functions of ization statesZ(T a is the partition functiong is the speed
microwave power and gas flow rat®) The lengthL and the diameteD of : : exo )
the plasma flame region as functions of microwave power &irm. of light in vacuum,\ is the wavelength of the corresponding
transition,g, is the statistical weight of leved andE, is its
energy in cm?, kg is the Boltzmann constant, ankh,. is
. . the excitation temperature in Kelvin. From the measurement
zxtended dﬂlarqﬁnt‘?l' At thte same tume, bgﬂi?dt? Were ot intensity and wavelength, a Boltzmann plot is obtained.
ecreased as e flow Tate was Increased. At a oupig . Figure 3 shows the Boltzmann plot of the experimental
the plasm_a flame comple_tely dlsappe_ared, Ieav_lng only fllaEjata obtained at 850 W and 4pm. The excitation tempera-
men:s. With thesﬂe opefratlon dboggdaéréesv\?staglgs%edé EXPeHire found by linear fitting of the high energy level data is
r;en s were mostly performed @50-950 W and(3.0-5.9 about 5200 K. As shown in the figure, the low energy state is
pm. underpopulated relative to the Saha equilibrium state, show-
A. Filament-converging point ing recombining plasma characteristi€s.
o Lo . . As this atmospheric plasma is produced in open air, OH
Due to its high emission intensity, the argon atom eXCi- lecular lines AZS* y—0—X2Il.y' =0, 306-310 nm
tation temperature, rotational temperature, and electron der?a're observed in the émission spe’ctrum’due to water mol-
sity were measured at the filament-converging point by OESécuIes in the air. Assuming the rotational temperaiiggof
Each of the diagnostic methods is briefly described as fol-OH molecules io be equal to the gas temperature of the
lows. L , Oplasmal,g’zothe gas temperature can be determined fiiggn
The excitation temperature of Ar | lines was measure using the Boltzmann plot methdd!®2°However, T, was
.by using the Boltzmann p_lpt method. The atomic emISSIondetermined in this work by comparing the s;l/n{%tetic OH
intensity pg) of th?. transition .ffom levep to levelq de- spectrum with the measured spectrum obtained at a relatively
pends on the transition probabilithf;) and absolute popu- " spectral resolutiof'?2 The theoretical OH spectrum in-
lation of the atomic levelf,), as shown in the following T T '
equation: tensity is giveh’° by

| hg=NpApghv, (3.9 E
pa PRd |:D0k4Sexp(— ! ) (3.4)
whereh is the Planck constant ands the photon frequency KgTrot
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Wavelength (nm) FIG. 5. Voigt function fitting of the experimental fspectral line for ob-

taining electron density at the filament-converging point. 850 W,(r.

FIG. 4. Comparison of the experimental data with the synthetic OH spec-
trum yielding a rotational temperature of 3050 K at the filament-converging

point. 750 W, 5.0(pm. Stark broadening width wa&l.2—1.6 A. The instrumental
broadening was independently checked using a He—Ne laser
and a mercury lamp. The Doppler broadening due to the
thermal motion of particles was negligible relative to the
instrumental and Stark broadening because the Doppler
broadening width of 3000 K hydrogen neutral atoms is only
about 0.18 A. When microwave power and gas flow rate

wherek is the wave numbefS is the oscillator strength, and
Dy is a coefficient containing the rotational partition func-
tion, andE, is the rotational energy leveD, and E, are
expressed as

CJ'+J'+1) were set at 850 W and 3£pm, respectively, the measured
DO:Q—r’ (3.5  electron density was about 530 cm 3.
With the diagnostic methods described abdvge, T,
E,=B,hcJ(J'+1), (3.6 andn, were measured as the gas flow rate and microwave

where C is a constant depending on the change of dipold?OWer level were varied in the ranges (8{0-5.0 {pm and

moment and total number of molecules in the initial vibra- (65OT950 W. o
tional stateQ, is the rotational partition functiorl’ andJ” Figure 6 shows the measured excitation temperature

are the upper and lower state, respectively, Bpds a rota- where T, is about(5000—-5800 K. There is no significant

tional constant in the state of the vibrational quantum numdependence of,.on gas flow rate and microwave power as
bery. could be expected, i.e., the electron temperature does not

Figure 4 depicts the comparison of the experimental datd€Pend much on these parameters. _
(750 W, 5.0¢pm) with the synthetic OH spectrum at 3050 K, The measured rotational temperature is ab@#00—
and the two are shown to be in good agreement. The syr3400 K as shown in Fig. 7. In contrast B¢, Trorincreases
thetic spectrum was obtained from E@.4) based on the with the increase in microwave power. This is because more
data of Dieke and Crosswhité.

The electron density was measured by the Stark broad-
ening width of the hydrogen kline that is emitted from the 65004 y o50W

plasma. Based on Stark broadening thédr,the electron i 850 W
densityn, in a high pressure plasma is expre$Sets e 750W
6000
A7\1/2 3/2 ® G650 W
Ne=8.02x 1012( ) (3.7) i
a12 I

5500 -
where ANy, (A) is the full-width at half-maximum |-
(FWHM) of the hydrogen line, and,, is the reduced wave- 5000 %
length (A/cgs field strengththat is tabulated in Ref. 23. To
obtain the Stark broadening width of the hydrogen line, Dop- 1
pler broadening and instrumental broadening effects must be 4500 ~

Excitation temperature (K)

excluded. 30 35 40 45 50
The obtained H line profile was fitted with the Voigt

function'®1"2>%gsych as the one shown in Fig 5. Through

the deconvolution process, it was obtained that the Gaussiafig. 6. Excitation temperature as a function of argon flow rate at various

instrumental broadening width was 1.1 A and the Lorentziammicrowave power levels, as measured at the filament-converging point.

Gas flow rate (Ipm)
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4000 launching place in the surfaguid®® The electric field in
A 5I1pm the active zone is very strong due to the microwave power
® 4lpm concentration. A simulation study of electromagnetic fields,
® 3lpm whose profile is very similar to the previous stiflyindi-
i cates that the electric field intensity at the surface-wave
launching place is about 8 kV/cm for 1 kW microwave

i power?! Recall that the electron temperature in the plasma is
i almost linearly proportional to the electric field intensity.
i The higher the electron temperature is the more efficiently
the ionization of neutrals, abundantly generating electrons.
2500 ' . ' . ' I Therefqre, most of the m_icrowa_lve power is absor_bed intc_> the
600 700 800 900 1000 gas fluid element in this active zone by ohmic heating,
thereby effectively ionizing neutrals in this place.

Assuming that the electron density at the ionizing zone
FIG. 7. Rotational temperature as a function of microwave power at variouss Ney, the electron density may decrease as the gas fluid
gas flow rates, at the filament-converging point. element drifts out from the zone. The rate equation of the

electron density can then be expressed as

3500

3000

Rotational temperature (K)

Microwave power (W)

energetic electrons collide elastically with heavy neutral par- dny(z) a,
ticles. On the other hand, as the gas flow rate incredsgs, =——
shows little change. Although an increase in the gas flow rate
is usually expected to cool down a discharge, the effect ofvhere the radiative recombination coefficient of the argon
the increment from 3.0 to 5.@pm does not seem to be plasmae, is of the order of 102 cm?/s for 1 eV electron
significant for cooling it, most probably because of the fila-temperature, and andv are the drift distance and speed,
mentary structure of the argon discharge. respectively, of the fluid element. When an ion and electron
Figure 8 shows the electron density obtained from thecollide, they have a finite probability of recombining into a
Hg line broadening width wheren, is about (5.0-8.0) neutral atom. To conserve momentum, a third body must be
X 10 cm™3. It depends on the gas flow rate, but not onpresent. In the case of radiative recombination where the
microwave power. This dependence was also observed in ththird body is an emitted photon, the plasma rate equation

i . nZ, (3.9

measured H linewidth. become®’

As mentioned above, the increase of microwave power
brought about an expansion of the plasma fldfig. 2(b)] dn(z) n? 3.9
and increase of the gas temperat(fig. 7) with little change dt res '

in the electron density. However, the electron density in- ) ) ) )
y ty \ssuming a uniform speed of the gas fluid element, and in-

creases as the gas flow rate increases. This finding of a dé . ith he el densi
pendence of electron density on gas flow rate and microwavi€9rating Eq.(3.8 W't_ regpect toz, the (Iee(_:tr.on enS|_ty
ne(z) at the propagation distaneerom the ionizing zone is

power is different from findings in other atmospheric micro- 4

wave plasma experimernt&28This may be attributed to dif- 9'V€" by’

ferent discharge conditions in that the gas fluid element Ne(2) 1

speed is significantly different due to a smaller gas flow rate

and larger discharge tube diameter. The microwave power is

concentrated on the active zone called the surface-wavghich determines the ion density decay in terms of the
propagation distance. The axial speed of the fluid element
v in cm/s is calculatelf to be

(3.10

neo B 1+ arneoz/l) '

10
£ 91 4 850W v=16 S$ (3.1
- 1 ® 750W ~ r
g 8__ = 60w . ' where¢ is the gas flow rate ifpm, S is the plasma cross-
2 74 i sectional area in cfy Tgasis the gas temperature, aid is
-2 ] the room temperature in Kelvin. liw,nez/v<<1, then
S 6 Ne(2)/Ngo=(1— a,Neoz/v), i.e., the electron density de-
§ 1 § creases linearly with respect o This type of axial density
B 51 profile is seen in other surface-wave sustained
@ 1 ; 6,29,35
w o, | | ' . d|sch§rge§.* : . .
30 35 40 45 50 Sincea,nepz/v>1 in our experimental case, E(B.10
Gas flow rate (Ipm) is simplified to
FIG. 8. Electron density as a function of argon flqw rate at various micro- Ne= 1 ’ (3.12
wave power levels, at the filament-converging point. a,zlv
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FIG. 9. Comparison of the theoretically and experimentally obtained elecr|G. 10. Gas temperature at 1 cm above the converging point obtained from

tron density as a function of gas flow rate.

which is independent of the initial electron density,. In-
serting Eq.(3.1]) into Eq.(3.12, the electron density atis

finally given by
16T gas

(3.13

OH molecular emission lines.

increased with the microwave power as shown in Fig),2

the location of the same gas temperature shifted away from
the converging point as the microwave power increased. Fig-
ure 11b) is the plot showing the axial profile of the gas

Ne= :
€ ,zST

This indicates thahg(z) is linearly proportional to the gas
flow rate & Figure 9 shows the theoretical electron density
obtained by Eq(3.13 where least square fitting of the mea-
sured data was performed by changiag

In summary, it was observed that the volume of the
plasma flamdgFig. 2(b)] and the gas temperatuf€ig. 7)
were increased at higher microwave power levels. On the
other hand, higher gas flow rates increased the electron den-
sity (Fig. 8).

B. Plasma flame

At the filament-converging point, the emission intensity
of the H, spectral line was typically10—2Q times higher
than that of the H line. Because of low emission intensity, it
was not possible to observe the; tine at all in the region
above the converging point. Although thkk, line was barely
measurable at 1 cm above the converging point, we were
able to observe that the Stark broadening width was much
smaller than that at the converging point which means very
small electron density above the converging point. Therefore,
the converging point is believed to be the end of the surface-
wave sustained plasma, and the region above that point is the
plasma flame in which the disappearance of the free electron
population is due to the dominant electron—ion collisional
radiative recombination.

Due to the relatively low emission intensity, only rota-
tional temperature was measured by the spectroscopic
method at 1 cm above the filament-converging point. As
shown in Fig. 10, the gas temperature was abldés0—
2200 K, which was lower than the valu@800-3400 K at
the converging point. Similar to the converging point case, it
was linearly proportional to the microwave power.

At other vertical positions in the plasma flame, the ga

(a)

Gas temperature (K)

(b)

Gas temperature (K)

couple [Fig. 11(a)]. Since the length of the plasma flame ¢pm.

1400+ T —o— 950 W
—A— 850 W
T \ w750 W
1300 T —m 650 W
T
% T \T . ? -
1200 \E\ ] } ‘
AN L\ AN
Oy I \+
1100 1 ;\\T I ‘\
. AN
\% \l '
1000 |
2 4 6 8

Distance from the converging point (cm)

3500

3000

2500

2000 -

1500 ~

1000 |

® 950W, 4Ipm

Distance from the converging point (cm)

SFIG. 11. (a) Vertical profile of the gas temperature in the plasma flame

. . measured by a thermocoupl®) Exponential decrease of the gas tempera-
temperature was measured by using a calibrated therm@sre from the converging point to the tail of the plasma flame. 950 W and 4
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