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Characteristics of an atmospheric microwave-induced plasma generated in
ambient air by an argon discharge excited in an open-ended dielectric
discharge tube
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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 spectroscopy~OES! in the operating range of~3.0–5.0! liters per
minute of gas flow rate and~650–950! W of microwave power. The measured excitation
temperature and rotational temperature were~5000–5800! K and ~2800–3400! K, respectively. The
electron density obtained by Stark broadening width of the Hb line showed (5.0– 8.0)
31014 cm23. 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 of~1030–2200! K, which showed an exponential decrease in the axial direction
away from the converging point. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1495872#
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I. INTRODUCTION

Atmospheric microwave induced plasma~MIP! sources
have been studied for decades due to their many advanta
such as the lack of the necessity for expensive vacu
equipment, low cost and simple systems, and easy opera
Because of these advantages, many types of atmosp
MIP sources have been developed. In particular, the MC
~Microwave Continuous Flow Reactor!,1,2 SWSP ~Surface
Wave Sustained Plasma!,3 TIA ~Torch with Axial gas
Injection!,4,5 MPT ~Microwave Plasma Torch!,6 and Micro-
wave Cavity plasma7,8 are well-known types of plasm
sources using microwaves. The main application areas
these plasma sources have been in real-time metal emis
monitoring,2,9 surface treatment, remediation of gases, a
atomic spectrometry.

For diagnostics, the electrostatic Langmuir pro
method that is widely used for low pressure plasmas is g
erally less useful for plasma produced at atmospheric p
sure. This is because the electron-neutral collision mean
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path is much smaller than the probe dimension, so the u
collisionless-sheath model is not applicable. In the case
air, for example, the electron–air molecule collision cro
section is 1.3310215 cm2. When electron energy is 1 eV, th
electron–air molecule collision frequency is of the order
1010 s21, and the mean free path is only about 0.3mm.10,11

Therefore, other diagnostic methods are needed to mea
plasma parameters, and optical emission spectroscopy~OES!
has been used as one of the alternative diagnostics becau
its simplicity and nonintrusive nature.

This work concerns an atmospheric microwave-induc
plasma generated in ambient air by an argon discharge
tained in an open-ended fused silica discharge tube. T
system of a simple design is adequate for studying the c
acteristics of atmospheric pressure plasma. Three distinc
regions were observed: plasma filaments exiting from
discharge tube, the converging point of these filaments, a
plasma flame. At the filament-converging point where t
emission intensity was the largest, the argon atom excita
temperature and the rotational temperature of OH molec
were measured by OES. The electron density was obta
from the Stark-broadening width of the Hb emission line
il:
5 © 2002 American Institute of Physics
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FIG. 1. Experimental setup of the atmospher
microwave-induced plasma. A fused silica tube of 1
mm inner diameter in which plasma is generated is
serted perpendicularly to the wide wall of the WR-28
wave guide. Argon gas is introduced from undernea
the tube to provide the plasma source. The top of
tube is open to the air.
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profile. The gas temperature was measured at the pla
flame with a thermocouple. Based on the measuremen
different microwave power levels and gas flow rates, inv
tigation of the plasma characteristics was attempted, and
dependence of the plasma parameters on the operating
dition was studied.

II. EXPERIMENTAL SETUP

Figure 1 shows a schematic view of the atmosphe
MIP system under study. It consists of a 2.45 GHz mic
wave generator, WR-284 wave guide components, and a
applicator. To maintain the reflected power below 1% of
forward power, a three stub tuner was used. The refle
power was dumped into a water load through the circula
The forward and reflected power were monitored by a dir
tional coupler and a Schottky power detector. The WR-2
wave guide was tapered off to 80 mm310 mm to increase
the electric field strength in the region of interest. A fus
silica tube of 18 mm inner diameter was inserted vertica
perpendicularly to the wide wall of the wave guide, a
served as the discharge tube. The distance from the w
guide center to the open end of the tube was typically sev
centimeters. The discharge tube was located at a quartelg

~wavelength of the microwave in the wave guide! away from
the shorted end of the wave guide where the electric fi
intensity is at its maximum. This location was confirmed
an HFSS ~High Frequency Structure Simulator! code
simulation12 in which the electric field intensity around th
dielectric discharge tube was calculated. The top side of
discharge tube was open to the air.

A mixed gas of argon and a small amount of hydrog
~less than 1% of argon! was introduced from underneath th
discharge tube to ensure a stable plasma generation
shown in Fig. 1. The hydrogen was added to obtain a det
able level of Hb emission intensity for electron density me
surement. All the measurements were performed under
same experimental conditions except that the gas flow
and microwave power were varied.

Using a convex lens of 6.3 cm focal length, the plas
was imaged onto a screen with a 1:1 image size, and
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optical fiber attached to the screen transported the lo
plasma emission to a spectrometer. The spectrometer
for the experiment was Chromex 250is with a 12
grooves/mm grating. The entrance slit width was maintain
at 50 mm, and the integration time of the charged coupl
device~CCD! detector was set at~30–300! ms.

III. RESULTS AND DISCUSSIONS

At a relatively low microwave power level (,500 W)
and gas flow rate@,2.5 liter per minute~,pm!#, plasma fila-
ments were observed as is often seen in other microw
plasma experiments.13–15 As the gas flow rate was raise
above ~2.5–3.0! ,pm at a fixed microwave powe
(.500 W), the plasma filaments became longer and c
verged to a single point that was located above the open
of the discharge tube. The distance from the end of the
charge tube to the converging point, which is denoted asH in
Fig. 2, was~5–30! mm depending on the gas flow rate. Wi
increasing the microwave power at a fixed argon flow ra
the number of the plasma filaments increased and each
ment became longer within the discharge tube toward the
injection entrance, i.e., toward the bottom side of the d
charge tube. However,H was almost unchanged with th
microwave power level.

In the range of~650–950! W and above 3.0,pm, a
plasma flame was formed starting from the converging po
as shown in Fig. 2~a!. The lengthL from the converging
point and the diameterD at the half-length of the plasm
flame region were measured as a function of microwa
power. As shown in Fig. 2~b! where the gas flow rate was
,pm, L andD were ~40–90! mm and~12–20! mm, respec-
tively, and they increased almost linearly as microwa
power P was increased. Supposing that the shape of
plasma flame is roughly two identical cones stacked one
top of the other, the plasma volume is proportional toP3. In
the range of~3.0–5.0! ,pm, the plasma volume had little
dependence on flow rate.

Above the critical gas flow rate~5.0 ,pm in the case of
950 W!, however, the vertical position of the convergin
point was further raised, i.e.,H was increased due to th
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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extended filaments. At the same time, bothL and D were
decreased as the flow rate was increased. At about 10,pm,
the plasma flame completely disappeared, leaving only
ments. With these operation boundaries established, ex
ments were mostly performed at~650–950! W and~3.0–5.0!
,pm.

A. Filament-converging point

Due to its high emission intensity, the argon atom ex
tation temperature, rotational temperature, and electron
sity were measured at the filament-converging point by O
Each of the diagnostic methods is briefly described as
lows.

The excitation temperature of Ar I lines was measu
by using the Boltzmann plot method. The atomic emiss
intensity (I pq) of the transition from levelp to level q de-
pends on the transition probability (Apq) and absolute popu
lation of the atomic level (np), as shown in the following
equation:

I pq5npApqhn, ~3.1!

whereh is the Planck constant andn is the photon frequency

FIG. 2. ~a! Three distinctive plasma regions.H, L, andD are functions of
microwave power and gas flow rate.~b! The lengthL and the diameterD of
the plasma flame region as functions of microwave power at 4,pm.
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corresponding to thep→q transition. Assuming a Boltzmann
distribution of the population of the atomic level, the em
sion intensity is expressed16,17 as

I pq5
hc

l

ngpApq

Z~Texc!
expS 2

Ep

kBTexc
D , ~3.2!

lnS I pql

Apqgp
D521.43883

Ep

Texc
1constant, ~3.3!

wheren is the number density of bound electrons in all io
ization states,Z(Texc) is the partition function,c is the speed
of light in vacuum,l is the wavelength of the correspondin
transition,gp is the statistical weight of levelp andEp is its
energy in cm21, kB is the Boltzmann constant, andTexc is
the excitation temperature in Kelvin. From the measurem
of intensity and wavelength, a Boltzmann plot is obtained

Figure 3 shows the Boltzmann plot of the experimen
data obtained at 850 W and 4.0,pm. The excitation tempera
ture found by linear fitting of the high energy level data
about 5200 K. As shown in the figure, the low energy state
underpopulated relative to the Saha equilibrium state, sh
ing recombining plasma characteristics.18

As this atmospheric plasma is produced in open air, O
molecular lines (A 2S1,n50→X 2P,n850, 306–310 nm!
are observed in the emission spectrum due to water m
ecules in the air. Assuming the rotational temperatureTrot of
OH molecules to be equal to the gas temperature of
plasma,19,20 the gas temperature can be determined fromTrot

using the Boltzmann plot method.17,19,20However,Trot was
determined in this work by comparing the synthetic O
spectrum with the measured spectrum obtained at a relati
low spectral resolution.21,22The theoretical OH spectrum in
tensity is given17,19 by

I 5D0 k4SexpS 2
Er

kBTrot
D , ~3.4!

FIG. 3. Boltzmann plot of Ar I levels yielding the excitation temperature
the filament-converging point. Because of the underpopulated low en
state relative to the Saha equilibrium state, it is believed that the plasma
the recombining type. 850 W and 4.0,pm.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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wherek is the wave number,S is the oscillator strength, an
D0 is a coefficient containing the rotational partition fun
tion, andEr is the rotational energy level.D0 and Er are
expressed as

D05
C~J81J911!

Qr
, ~3.5!

Er5BvhcJ8~J811!, ~3.6!

where C is a constant depending on the change of dip
moment and total number of molecules in the initial vibr
tional state,Qr is the rotational partition function,J8 andJ9
are the upper and lower state, respectively, andBv is a rota-
tional constant in the state of the vibrational quantum nu
ber v.

Figure 4 depicts the comparison of the experimental d
~750 W, 5.0,pm! with the synthetic OH spectrum at 3050 K
and the two are shown to be in good agreement. The s
thetic spectrum was obtained from Eq.~3.4! based on the
data of Dieke and Crosswhite.19

The electron density was measured by the Stark bro
ening width of the hydrogen Hb line that is emitted from the
plasma. Based on Stark broadening theory,23,24 the electron
densityne in a high pressure plasma is expressed25 as

ne58.0231012S Dl1/2

a1/2
D 3/2

, ~3.7!

where Dl1/2 (Å) is the full-width at half-maximum
~FWHM! of the hydrogen line, anda1/2 is the reduced wave
length ~Å/cgs field strength! that is tabulated in Ref. 23. To
obtain the Stark broadening width of the hydrogen line, Do
pler broadening and instrumental broadening effects mus
excluded.

The obtained Hb line profile was fitted with the Voigt
function16,17,23,25such as the one shown in Fig 5. Throug
the deconvolution process, it was obtained that the Gaus
instrumental broadening width was 1.1 Å and the Lorentz

FIG. 4. Comparison of the experimental data with the synthetic OH sp
trum yielding a rotational temperature of 3050 K at the filament-converg
point. 750 W, 5.0,pm.
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Stark broadening width was~1.2–1.6! Å. The instrumental
broadening was independently checked using a He–Ne l
and a mercury lamp. The Doppler broadening due to
thermal motion of particles was negligible relative to t
instrumental and Stark broadening because the Dop
broadening width of 3000 K hydrogen neutral atoms is o
about 0.18 Å. When microwave power and gas flow r
were set at 850 W and 3.0,pm, respectively, the measure
electron density was about 5.331014 cm23.

With the diagnostic methods described above,Texc, Trot ,
and ne were measured as the gas flow rate and microw
power level were varied in the ranges of~3.0–5.0! ,pm and
~650–950! W.

Figure 6 shows the measured excitation tempera
whereTexc is about~5000–5800! K. There is no significant
dependence ofTexc on gas flow rate and microwave power
could be expected, i.e., the electron temperature does
depend much on these parameters.

The measured rotational temperature is about~2800–
3400! K as shown in Fig. 7. In contrast toTexc, Trot increases
with the increase in microwave power. This is because m

c-
g

FIG. 5. Voigt function fitting of the experimental Hb spectral line for ob-
taining electron density at the filament-converging point. 850 W, 3.0,pm.

FIG. 6. Excitation temperature as a function of argon flow rate at vari
microwave power levels, as measured at the filament-converging point
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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energetic electrons collide elastically with heavy neutral p
ticles. On the other hand, as the gas flow rate increasesTrot

shows little change. Although an increase in the gas flow
is usually expected to cool down a discharge, the effec
the increment from 3.0 to 5.0,pm does not seem to b
significant for cooling it, most probably because of the fi
mentary structure of the argon discharge.

Figure 8 shows the electron density obtained from
Hb line broadening width wherene is about (5.0– 8.0)
31014 cm23. It depends on the gas flow rate, but not
microwave power. This dependence was also observed in
measured Ha linewidth.

As mentioned above, the increase of microwave pow
brought about an expansion of the plasma flame@Fig. 2~b!#
and increase of the gas temperature~Fig. 7! with little change
in the electron density. However, the electron density
creases as the gas flow rate increases. This finding of a
pendence of electron density on gas flow rate and microw
power is different from findings in other atmospheric micr
wave plasma experiments.26–28This may be attributed to dif-
ferent discharge conditions in that the gas fluid elem
speed is significantly different due to a smaller gas flow r
and larger discharge tube diameter. The microwave powe
concentrated on the active zone called the surface-w

FIG. 7. Rotational temperature as a function of microwave power at var
gas flow rates, at the filament-converging point.

FIG. 8. Electron density as a function of argon flow rate at various mic
wave power levels, at the filament-converging point.
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launching place in the surfaguide.29,30 The electric field in
the active zone is very strong due to the microwave pow
concentration. A simulation study of electromagnetic fiel
whose profile is very similar to the previous study,30 indi-
cates that the electric field intensity at the surface-wa
launching place is about 8 kV/cm for 1 kW microwav
power.31 Recall that the electron temperature in the plasm
almost linearly proportional to the electric field intensity.32

The higher the electron temperature is the more efficien
the ionization of neutrals, abundantly generating electro
Therefore, most of the microwave power is absorbed into
gas fluid element in this active zone by ohmic heatin
thereby effectively ionizing neutrals in this place.

Assuming that the electron density at the ionizing zo
is ne0 , the electron density may decrease as the gas fl
element drifts out from the zone. The rate equation of
electron density can then be expressed as

dne~z!

dz
52

a r

v
ne

2 , ~3.8!

where the radiative recombination coefficient of the arg
plasmaa r is of the order of 10213 cm3/s for 1 eV electron
temperature, andz and v are the drift distance and spee
respectively, of the fluid element. When an ion and elect
collide, they have a finite probability of recombining into
neutral atom. To conserve momentum, a third body mus
present. In the case of radiative recombination where
third body is an emitted photon, the plasma rate equa
becomes33

dne~z!

dt
52a rne

2 . ~3.9!

Assuming a uniform speed of the gas fluid element, and
tegrating Eq.~3.8! with respect toz, the electron density
ne(z) at the propagation distancez from the ionizing zone is
given by34

ne~z!

ne0
5

1

11a rne0z/v
, ~3.10!

which determines the ion density decay in terms of
propagation distancez. The axial speed of the fluid elemen
v in cm/s is calculated34 to be

v516
jTgas

STr
, ~3.11!

wherej is the gas flow rate in,pm, S is the plasma cross
sectional area in cm2, Tgas is the gas temperature, andTr is
the room temperature in Kelvin. Ifa rne0z/v!1, then
ne(z)/ne0.(12a rne0z/v), i.e., the electron density de
creases linearly with respect toz. This type of axial density
profile is seen in other surface-wave sustain
discharges.26,29,35

Sincea rne0z/v@1 in our experimental case, Eq.~3.10!
is simplified to

ne.
1

a rz/v
, ~3.12!

s

-

IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



s
it
a-

he

th
de

ity

it

e
uc
er
or
c

s t
tr
a

a-
op
A

,

a
m
e

rom
ig-
s

le from

e
ra-
d 4

4050 Phys. Plasmas, Vol. 9, No. 9, September 2002 Moon et al.
which is independent of the initial electron densityne0 . In-
serting Eq.~3.11! into Eq. ~3.12!, the electron density atz is
finally given by

ne5
16Tgas

a rzSTr
j. ~3.13!

This indicates thatne(z) is linearly proportional to the ga
flow rate j. Figure 9 shows the theoretical electron dens
obtained by Eq.~3.13! where least square fitting of the me
sured data was performed by changinga r .

In summary, it was observed that the volume of t
plasma flame@Fig. 2~b!# and the gas temperature~Fig. 7!
were increased at higher microwave power levels. On
other hand, higher gas flow rates increased the electron
sity ~Fig. 8!.

B. Plasma flame

At the filament-converging point, the emission intens
of the Ha spectral line was typically~10–20! times higher
than that of the Hb line. Because of low emission intensity,
was not possible to observe the Hb line at all in the region
above the converging point. Although theHa line was barely
measurable at 1 cm above the converging point, we w
able to observe that the Stark broadening width was m
smaller than that at the converging point which means v
small electron density above the converging point. Theref
the converging point is believed to be the end of the surfa
wave sustained plasma, and the region above that point i
plasma flame in which the disappearance of the free elec
population is due to the dominant electron–ion collision
radiative recombination.

Due to the relatively low emission intensity, only rot
tional temperature was measured by the spectrosc
method at 1 cm above the filament-converging point.
shown in Fig. 10, the gas temperature was about~1650–
2200! K, which was lower than the value~2800–3400 K! at
the converging point. Similar to the converging point case
was linearly proportional to the microwave power.

At other vertical positions in the plasma flame, the g
temperature was measured by using a calibrated ther
couple @Fig. 11~a!#. Since the length of the plasma flam

FIG. 9. Comparison of the theoretically and experimentally obtained e
tron density as a function of gas flow rate.
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increased with the microwave power as shown in Fig. 2~b!,
the location of the same gas temperature shifted away f
the converging point as the microwave power increased. F
ure 11~b! is the plot showing the axial profile of the ga

c-FIG. 10. Gas temperature at 1 cm above the converging point obtained
OH molecular emission lines.

FIG. 11. ~a! Vertical profile of the gas temperature in the plasma flam
measured by a thermocouple.~b! Exponential decrease of the gas tempe
ture from the converging point to the tail of the plasma flame. 950 W an
,pm.
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temperature from the converging point through the plas
flame at 950 W and 4,pm, where an exponential decrea
was seen. Thee-folding lengthd was 0.9 cm to 1.5 cm as th
microwave power increased from 650 W to 950 W. In t
plasma flame, the gas temperature showed little depend
on gas flow rate.

IV. SUMMARY

Plasma was produced in a simple open-ended diele
discharge tube at atmospheric pressure using a 2.45
microwave system. Three distinctive plasma regions w
observed with the assistance of argon gas flow: plasma
ments exiting from the discharge tube, converging point
these filaments, and a plasma flame. The existence of
three regions is similarly found in other atmospheric plas
sources such as TIA4 and MPT.6

At the filament-converging point, OES was performed
measure excitation temperature, rotational temperature,
electron density. The excitation temperature was obtai
from the Boltzmann plot of emitted Ar I lines, and the rot
tional temperature was measured by comparing with s
thetic OH molecular spectrum. The electron density was
tained through deconvolution of Voigt function fitting of th
Hb spectral line. In the operating ranges of~650–950! W and
~3.0–5.0! ,pm, it was found that 5000 K,Texc,5800 K,
2800 K,Trot,3400 K, and 5.031014 cm23,ne,8.0
31014 cm23.

It was observed that the gas temperature at the filam
converging point increased along with microwave pow
Therefore, in the operating range where most of the meas
ments were performed, some of the microwave power w
consumed in heating up the neutral particles leading to
expansion of the plasma flame. On the other hand, higher
flow rates increased the electron density with little change
gas temperature.

In the plasma flame, rotational temperature was m
sured by OES at only 1 cm above the filament-converg
point due to the relatively low emission intensity. At oth
vertical positions, the gas temperature was measured us
thermocouple. At 850 W and 4,pm, the gas temperature wa
about 3200 K at the converging point, 1950 K at 1 cm abo
the converging point, and then decreased from 1300 K
1050 K in 3 cm to 7 cm from the converging point, whic
showed exponential decrease. In the plasma flame, the
temperature showed little dependence on gas flow rate.
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