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Abstract—An atmospheric-pressure helium plasma generated
in a 2.45-GHz microwave-induced cylindrical plasma torch has
been investigated. The atmospheric-pressure helium plasma can
be ignited at a microwave power of less than 400 W and sustained at as low as 100 W, at a gas flow of 50 L/min. The electron temperature Te , electron density ne , and gas temperature
Tg measured by optical emission spectroscopy are 0.28–0.5 eV,
1015 –1016 cm−3 , and 1000–2000 K, respectively, at a power of
200–400 W and a gas flow rate of 20–50 L/min. In addition,
it is noted that Te ≈ Tv (vibrational temperature) > Tg ≈ Tr
(rotational temperature) for these experiment parameters. These
results show that the helium plasma generated in this atmosphericpressure plasma torch is in partial local thermodynamic equilibrium (pLTE).
Index Terms—Atmospheric-pressure plasma, laser-assisted
plasma coating at atmospheric pressure (LAPCAP), pulsed-laser
ablation, pulsed-laser deposition, thermal barrier coatings.
Fig. 1.

I. I NTRODUCTION

R

ECENTLY, atmospheric-pressure plasma sources have
been widely used for various applications due to their
many advantages [1]. Depending on the discharge gases and the
system configurations, a large range of the plasma gas temperatures from ambient (nonthermal) to several thousand kelvins
has been demonstrated. Typical atmospheric-pressure plasmas
also have large electron density (ne > 1014 cm−3 ), low electron temperature (< 1 eV), and high radical concentrations.
From the applications point of view, nonthermal plasma allows
energetic radicals to intensively modify the substrate surfaces
without thermal damage, whereas high-gas temperature plasma
is favorable as heat sources for applications such as atmospheric
plasma spray [2].
Atmospheric-pressure plasmas are usually considered in local thermodynamic equilibrium (LTE) due to the high collision
frequency between species. However, the LTE condition cannot
be applied to dc glow atmospheric-pressure plasma, owing to
significant dissociation and ionization rates caused by high
electron temperature Te [3]. Therefore, several temperatures are
used to describe the energy distribution: electron temperature,
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Schematic of the atmospheric-pressure torch and experimental setup.

electronic temperature Tel (the energy for electron excitation),
vibrational temperature Tv , and rotational temperature Tr . Rotational temperature is considered equivalent to gas temperature
Tg because of frequent energy exchanges between plasma
molecules and rotational states of these molecules due to large
collision rates at high pressure [4]. In this paper, small portion
of N2 has been added to the base gas of helium to measure the
gas temperature of helium plasma, which could be determined
by the spectroscopic intensities of nitrogen molecules (N2
second positive system C–B in the 300- to 420-nm range).
The electron temperature has been estimated by the Boltzmann
plot, assuming the ionic and atomic levels in the helium plasma
satisfy the partial LTE (pLTE) condition. The electron density
has been measured by the Stark broadening of Hβ lines at
486.1 nm for its strong Stark broadening effect and weak selfabsorption [5]. This paper provides detailed information on
the behavior of an atmospheric-pressure helium plasma so that
these plasma characteristics can be controlled and modified for
various applications.
II. E XPERIMENT
The atmospheric-pressure plasma torch consists of three
coaxial copper cylinders with decreasing diameters, a copper
antenna at the center, and a quartz discharge tube, as shown in
Fig. 1. The diameter of the antenna is 6 mm, and the discharge
tube has an inside diameter of 13 mm. Gases are supplied into
the atmospheric-pressure plasma torch from the gas inlet on the
bottom of the outmost copper cylinder wall, and a Teflon pad
is placed at the bottom of the torch to prevent arc discharge
between the antenna and the copper cylinder. The atmosphericpressure plasma has been ignited in the torch by a 2.45-GHz
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Fig. 2. Ignition and extinction powers for the atmospheric-pressure helium
plasma as a function of gas flow rate.

Fig. 3. Ignition and extinction powers for He–N2 or He–O2 plasma with a
fixed helium flow rate of 100 L/min versus different mixture ratios.

microwave generator. The microwave generator has the maximum output power of 6 kW, and the reflected power was kept
below 5% of input power in all experiments. Electron temperature Te and electron density ne have been measured by optical emission spectroscopy (OES, Acton Research Corporation,
SpectraPro 275). The resolution of the OES system is 0.1 nm for
1200 g/mm.

an electron when they are excited; therefore, the electron production is easier to balance with the electron loss in He–N2
plasma than in He–O2 , which results in a higher extinction
power in He–O2 plasma. Other mechanisms could also contribute to the plasma instability, for example, the instability
due to the dissociative attachment between O−
2 and electrons
can significantly affect the stability in an atmospheric-pressure
He–O2 plasma if the number density of O−
2 is high.

III. E XPERIMENTAL R ESULTS AND D ISCUSSION
A. Ignition and Extinction Powers of the
Atmospheric-Pressure Plasma Torch
To study the plasma ignition and stability, the ignition and
extinction powers (the lowest power to sustain the plasma)
have been measured for helium alone, helium/nitrogen mixture,
and helium/oxygen mixture. Fig. 2 shows the ignition and
extinction powers as a function of helium flow rate. It is noted
that the plasma ignites at similar power for all flow rates except
300 L/min, which needs little bit higher power. These phenomena may be originated from the high-pressure turbulence at the
antenna tip. On the other hand, the extinction power increased
and then saturated with increasing helium flow rate, which can
be explained by the electron production–loss balance. As the
flow rate is increased, the electron loss rate by the relaxation
process increases due to higher collision frequency, but the
electron production rate remains the same or even lower due
to pressure turbulence. Thus, it requires a higher electric field
to sustain the plasma.
The ignition and extinction powers can be strongly affected
by adding a small proportion of other gases into the helium
plasma. As shown in Fig. 3, the addition of a small amount
of nitrogen to helium makes the ignition power increase from
450 to 590 W and also widens the plasma operation range. In
contrast, adding oxygen decreases the plasma ignition power
and increases the extinction power even more. The mechanism
for the disparate behavior of the nitrogen and oxygen mixture
is caused by the effect of different molecule ions, which are
mostly N2+ and O−
2 , at these conditions. An oxygen molecule
could obtain an electron and a nitrogen molecule could release

B. Plasma Gas Temperature
The N2 second positive system (C3 Π–B3 Π) in the range
of 364–383 nm has been used to determine the rotational
temperature ≈ Tg by fitting the experimental N2 C–B spectrum
to the calculated spectrum by the SPECAIR code [6]. The
variables were set the same as the previous study [7]. Generally,
electronic excitation temperature Tel , rotational temperature Tr ,
translational temperature Tt , and vibrational temperature Tv
satisfy Tel > Tv > Tr ≈ Tg ≈ Tt for nonequilibrium plasma
[8]. Each of these temperatures was independently adjusted in
SPECAIR by steps of 50 K until the best fits were achieved.
As an example, the best fit of the measured N2 C–B spectrum
for 400 W and 0.3 L/min of N2 is shown in Fig. 4, which gives
Tg ≈ 1800 ± 100 K.
Fig. 5 shows the rotational and vibrational temperatures as
functions of input microwave power and N2 flow rate. The significant differences between Tr and Tv reveals that the plasma
is nonequilibrium. Tr increases from ∼1000 to ∼1800 K when
the input power is increased from 200 to 400 W, whereas Tv
has the largest value of ∼5000 K at the medium power of 300 W.
The cooling effect of N2 gas flow becomes more significant at
higher power and higher rotational temperature, which results
in a slight decrease in Tr when the N2 flow rate is increased.
C. Electron Temperature
Electron temperature Te has been determined by the
Boltzmann plots. The atoms, ions, and electrons were assumed
to be in pLTE, and the ionization fraction was large so that there
were enough free electrons to allow the density distribution of
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TABLE I
T RANSITIONS S ELECTED FROM THE H ELIUM
P LASMA IN THE P LASMA T ORCH

Fig. 4. Measured N2 C–B spectrum of the helium plasma at 400 W and a
N2 flow rate of 0.3 L/min compared with the calculated spectrum using the
SPECAIR code.

Fig. 5. Measured N2 C–B spectrums versus input power and N2 flow rate at
a helium flow rate of 20 L/min.

excited atoms to be Boltzmann. Therefore, the relation between
the spectral line intensity and the energy of an excited state
satisfies [7], [9]
Ip→k λp→k
E(p)
=−
+ constant
g(p)Ap→k
kTe

(1)

Fig. 6. Measured electron temperature as functions of input power and
distance from the antenna tip at 40 L/min.

where Ip→k , λp→k , and Ap→k are the relative intensity, peak
wavelength, and Einstein constant for spontaneous emission
of a specific spectral line representing a transition p → k, and
g(p) and E(p) are the statistical weights and photon energy of
an excited state p, respectively. The reference data of λp→k ,
Ap→k , g(p), and E(p) for a particular transition can be found
at NIST Atomic Spectra Database. These parameters of measured helium spectral lines are listed in Table I. Note that
two or more transitions are sometimes coupled at the same
wavelength, which have different Ap→k , g(p), and E(p) values.
The calculation for ln(lp→k λp→k /g(p)Ap→k ) of each transition
was individually obtained by assuming an identical probability
of each transition, and Te was determined by the slope of the
Boltzmann plot ln(lp→k λp→k /g(p)Ap→k ) versus E(p).

Fig. 6 shows that Te increases from 3200 K (0.28 eV) to
5800 K (0.5 eV) when the input power is increased from
200 to 400 W, whereas its dependence on the distance from
the antenna tip is not very significant within the 1-cm range
downstream. This means that the helium plasma generated by
the atmospheric-pressure plasma torch has spatial uniformity
over a relatively large area. Fig. 7 shows Te as a function of
helium flow rate from 30 to 40 L/min. Te seems to slightly
increase as flow rate increases. The pressure at the tip of the
antenna could be relatively lower and slightly decreases as the
gas flow is increased. Therefore, Te slightly increases owing to
lower collision frequency with increasing flow rate. However,
the error of Te is increased at a flow rate of 50 L/min because a
larger flow rate induces complexities in electron density ne and
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TABLE II
FWHM ( IN NANOMETERS ) OF D IFFERENT B ROADENING
M ECHANISMS FOR THE Hβ L INE AT 486.1 nm

drogen atoms can be approximated by a Maxwell–Boltzmann
function in pLTE plasma, Doppler broadening is estimated by

1/2
 1/2
8kTg ln2
Tg
−7
ΔλD = λ0
= 7.16 × 10 λ0
(3)
mc2
M

Fig. 7.

Measured electron temperature versus helium gas flow rate at 200 W.

gas temperature Tg calculations by affecting the plasma cooling
mechanism. Therefore, it is safer to say that Te does not have
very strong dependence on the helium flow rate.

where λ0 = 486.1 nm is the central wavelength of the Hβ
line; Tg is the gas temperature of the plasma in kelvins; and
m and M are the atomic mass of the emitter (He atom) in
kilograms and atomic mass units, respectively. 3) Van der Waals
broadening. This broadening mechanism is originated from the
dipolar interaction between the excited atoms (the emitter) with
the dipoles formed by the excited atoms and a neutral molecule
in the ground state (the perturber). The half-width at halfmaximum of the Van der Waals broadening in the frequency
space is given by [12]


D. Electron Density
Electron density ne is calculated from the full-width at halfmaximum (FWHM) of the atomic hydrogen spectrum due to
Stark broadening. The Hβ spectral line at 486.1 nm is chosen
for measuring the electron density for its strong Stark broadening effect and weak self-absorption [5], [10], i.e.,
ΔλStark = 2.50 × 10−9 α1/2 n2/3
e

(2)

where ΔλStark is in nanometers, ne is in per cubic centimeter,
and α1/2 is the reduced wavelength tabulated by Griem [11].
For the Hβ line, α1/2 is typically from 7.62 × 10−3 to 8.03 ×
10−3 nm for Te in the range of 5000–10 000 K and ne in the
range of 1014 –1015 cm−3 . α1/2 = 7.83 × 10−3 nm is used as
an average value in this paper. Less than 1% hydrogen was
introduced into the plasma in order to obtain a strong spectral
signal to improve the experimental accuracy without significant
perturbation of plasma dynamics.
Three major broadening mechanisms, namely, instrumental
broadening, Doppler broadening, and Van der Waals broadening, contribute to the overall line shape, in addition to Stark
broadening. Other broadening mechanisms, such as resonance
broadening [11], [12], are assumed to be relatively insignificant
due to the fact that the fraction of hydrogen atoms is small
enough. Each of these broadening mechanisms is considered
either Gaussian shape (such as instrumental broadening and
Doppler broadening) or Lorentzian shape (such as Stark broadening and Van der Waals broadening). The resulting overall
convolution line shape is a Voigt profile. Each of these broadening mechanisms is determined by the following methods:
1) Instrumental broadening. The diffraction dispersion that
resulted from the slit opening of the OES system leads to
broadening in all spectral lines. In this paper, it is represented
by the FWHM of a He–Ne laser spectral line at 632.8 nm.
2) Doppler broadening. If the velocity distribution of the hy-

Δωα = πN

2
9π5 Rα
16m3e Ep2

 25
3

ν5

(4)

where N = P/kTg is the number density of the perturber, and
v is the relative speed of the emitter and the perturber, which is
related to the mean speed of the atoms, i.e.,
2
  10
 

3
8kT( g) 10
3
4
9
5
ν =
Γ
(ν) = 0.98
π
5
πμ
3
5

(5)

2 is the
μ is the reduced mass of the emitter–perturber pair, Rα
matrix element, and Ep is the energy of the first excited state
2 ≈
of the perturber. In a helium plasma, Eg = 24.6 eV, and Rα
520 for the Hβ line [6]. Therefore, the FWHM of the Van der
Waals broadening in this paper can be written as

λ2 P
Δλα = 0.98 0
c kTg



2
9π5 Rα
3
16me Ep2

 25 

8kTg
πμ

3
 10

=

1.9
(6)
Tg0.7

where Δλα is in nanometers, and Tg is in kelvins. The helium
plasma has a smaller Van der Waals broadening effect compared with air or argon plasmas due to large Ep . Table II lists
the expressions for these broadening mechanisms.
The FWHM of a Voigt line shape with Gaussian width wG
and Lorentzian width wL is empirically given by [13]
ΔλVoigt = 0.5346ΔwL
1

+10 0.2166(ΔwL )2 + 1.3862(ΔwG )2 2 .

(7)

Therefore, Stark broadening can be expressed by
ΔλStark = ΔλVoigt

− (Δλinstrument )2 + (ΔλD )2 − Δλα .

(8)
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for measuring the electron temperature Te , electron density ne ,
and gas temperature Tg of a helium plasma. The Boltzmann
plots gives a Te in the range of 3200–5800 K when the input
power is increased from 200 to 400 W, but its dependence on
the distance from the antenna tip is not significant. Rotational
temperature Tr is assumed to be equal to Tg , which gives a
Tg of 1000–2000 K when the power is increased from 200 to
400 W. However, Tv has a value close to Te in the power range
of 200–400 W. From these results (Te ≈ Tv > Tr ), it is obvious
that the atmospheric-pressure helium plasma is not in thermal
equilibrium and could be considered in pLTE. Electron density
ne has been calculated from the Stark broadening of the Hβ
line, which is in the range of 1015 –1016 cm−3 for the input
power of 200–400 W.
Fig. 8. Hβ line shape at an input power of 200 W and a helium flow rate
of 50 L/min. The spectrum is taken 10 mm away from the tip of the antenna.
(Thick red line) Voigt fit of the experimental data. (Thin blue line) Fit after
excluding Van der Waals broadening. (Dashed magenta) Fit after excluding the
instrumental, Doppler, and Van der Waals broadening mechanisms, which is
estimated to be the line shape of Stark broadening.

Fig. 9. ne of the helium plasma as functions of input power and helium flow
rate at the tip of the antenna.

The profile of the Hβ line (200 W, 50 L/min He) is shown in
Fig. 8. The Stark broadening line shape is obtained after excluding the Van der Waals and Gaussian broadening mechanisms
from the measured spectrum. Fig. 9 shows the behavior of ne as
a function of the input power and gas flow rate. The calculations
show that ne values are in the range of 1015 –1016 cm−3 when
the input power is increased from 200 to 400 W. Although ne
significantly increases from 200 to 300 W, it does not change as
much when the input power is further increased to 400 W. This
may result from the electron loss during the occasional arcing
process between the antenna and the inside wall of the plasma
torch at high input powers. It is also shown in Fig. 9 that ne
does not have strong dependence on the helium flow rate.
IV. C ONCLUSION
A 13-mm-diameter helium plasma has been generated by the
atmospheric-pressure plasma torch and sustained at an input
power as low as 100 W. A detailed analysis has been presented
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