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Characterization of an Atmospheric-Pressure Helium
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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 sus-
tained at as low as 100 W, at a gas flow of 50 L/min. The elec-
tron temperature T, electron density n., and gas temperature
T, measured by optical emission spectroscopy are 0.28-0.5 eV,
10'°-10'® 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 T, =~ T, (vibrational temperature) > T, =~ T,
(rotational temperature) for these experiment parameters. These
results show that the helium plasma generated in this atmospheric-
pressure plasma torch is in partial local thermodynamic equilib-
rium (pLTE).

Index Terms—Atmospheric-pressure plasma, laser-assisted
plasma coating at atmospheric pressure (LAPCAP), pulsed-laser
ablation, pulsed-laser deposition, thermal barrier coatings.

I. INTRODUCTION

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 temper-
atures from ambient (nonthermal) to several thousand kelvins
has been demonstrated. Typical atmospheric-pressure plasmas
also have large electron density (n. > 104 cm=3), low elec-
tron 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 lo-
cal 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 77 [3]. Therefore, several temperatures are
used to describe the energy distribution: electron temperature,
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electronic temperature Ty, (the energy for electron excitation),
vibrational temperature 7;,, and rotational temperature 7;.. Ro-
tational temperature is considered equivalent to gas temperature
T, 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 Ny 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 (N9
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 Hp lines at
486.1 nm for its strong Stark broadening effect and weak self-
absorption [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. EXPERIMENT

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 atmospheric-
pressure 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.

microwave generator. The microwave generator has the maxi-
mum output power of 6 kW, and the reflected power was kept
below 5% of input power in all experiments. Electron temper-
ature 7T, and electron density n. have been measured by opti-
cal emission spectroscopy (OES, Acton Research Corporation,
SpectraPro 275). The resolution of the OES system is 0.1 nm for
1200 g/mm.

III. EXPERIMENTAL RESULTS AND DISCUSSION

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 phenom-
ena 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 N, and O, at these conditions. An oxygen molecule
could obtain an electron and a nitrogen molecule could release
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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.

an electron when they are excited; therefore, the electron pro-
duction is easier to balance with the electron loss in He—Nj
plasma than in He—O, which results in a higher extinction
power in He—Os plasma. Other mechanisms could also con-
tribute to the plasma instability, for example, the instability
due to the dissociative attachment between O, and electrons
can significantly affect the stability in an atmospheric-pressure
He—O5 plasma if the number density of O; is high.

B. Plasma Gas Temperature

The Ny second positive system (C*TI-B®II) in the range
of 364-383 nm has been used to determine the rotational
temperature ~ T}, by fitting the experimental Ny 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 7¢], rotational temperature 7.,
translational temperature 7}, and vibrational temperature 7,
satisfty Tey > To, > T, =~ T, ~ T} 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 N, C-B spectrum
for 400 W and 0.3 L/min of Ny is shown in Fig. 4, which gives
T, ~ 1800 £+ 100 K.

Fig. 5 shows the rotational and vibrational temperatures as
functions of input microwave power and Ny flow rate. The sig-
nificant differences between 7). and T, reveals that the plasma
is nonequilibrium. 7;. increases from ~1000 to ~1800 K when
the input power is increased from 200 to 400 W, whereas T,
has the largest value of ~5000 K at the medium power of 300 W.
The cooling effect of N, gas flow becomes more significant at
higher power and higher rotational temperature, which results
in a slight decrease in 7;. when the N, flow rate is increased.

C. Electron Temperature

Electron temperature 7. 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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Fig. 4. Measured No 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.

5000

4000

|| —m—Tr200 w |’
—o—Tv 200 W|!

o O T T .

——Tr300 W |
E' {| —o—Tv 300 W||
= | ——Tr400 w|;
- : : ; [ =—Tvaoow|: |
2000 -+ R S T e ———— i
10004 :
0+——— . .

— .
0.3 0.4 0.5 0.6 0.7 0.8 0.9
N2 Flow Rate [Ipm]

Fig. 5. Measured N2 C-B spectrums versus input power and No 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]

JAIRD) E
mg?;)’CAIH: - _ k(jlj) + constant (D
P— e

where I, ,, Apk, and A,_,;, 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 A\, .,
Apk, g(p), and E(p) for a particular transition can be found
at NIST Atomic Spectra Database. These parameters of mea-
sured helium spectral lines are listed in Table I. Note that
two or more transitions are sometimes coupled at the same
wavelength, which have different A,_,x, g(p), and E(p) values.
The calculation for In(l, ., A\p—k/g(p)Ap— k) of each transition
was individually obtained by assuming an identical probability
of each transition, and 7, was determined by the slope of the
Boltzmann plot In(l, .z A\p—x/9(p) Ap—k) versus E(p).
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TABLE 1
TRANSITIONS SELECTED FROM THE HELIUM
PLASMA IN THE PLASMA TORCH

AA Apsi/st g) E(p)/cm?!
3888.6480 9 4746E+06 3 185564.6
9 4746E+06 5 185564.6
4026.1914 3.2224E+05 3 1939172
2.8999E+06 5 1939172
1.1601E+07 7 1939172
4.8336E+06 3 1939172
8.6997E+06 5 1939172
4471.4802 6.8275E+05 3 1914445
6.1440E+06 5 1914445
2A579E+07 7 1914445
1.0241E+07 3 1914445
1.8432E+07 5 191444 5
4713.1457 5.2894E+06 3 190298.1
3.1736E+06 3 190298.1
49219313 1.9863E+07 5 191446.5
50156783 1.3372E+07 3 186209 4
5875.6210 1.7673E+07 5 186101.5
7.0708E+07 7 186101.5
2. 9462E+07 3 186101.6
5.3019E+07 5 186101.5
6678.151 6.3705E+07 5 186105.0
7065.190 1.5474E+07 3 183236.8
9.2844E+06 3 183236.8
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Fig. 6. Measured electron temperature as functions of input power and
distance from the antenna tip at 40 L/min.

Fig. 6 shows that 7, 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 7, as a function of
helium flow rate from 30 to 40 L/min. T, 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, T, slightly increases owing to
lower collision frequency with increasing flow rate. However,
the error of 7T is increased at a flow rate of 50 L/min because a
larger flow rate induces complexities in electron density n, and
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Fig. 7. Measured electron temperature versus helium gas flow rate at 200 W.

gas temperature 7, calculations by affecting the plasma cooling
mechanism. Therefore, it is safer to say that 7, does not have
very strong dependence on the helium flow rate.

D. Electron Density

Electron density n. is calculated from the full-width at half-
maximum (FWHM) of the atomic hydrogen spectrum due to
Stark broadening. The Hg spectral line at 486.1 nm is chosen
for measuring the electron density for its strong Stark broaden-
ing effect and weak self-absorption [5], [10], i.e.,

Astark = 2.50 x 10 %y jyn?/? )

where Agtark 1S in nanometers, n. is in per cubic centimeter,
and « /o is the reduced wavelength tabulated by Griem [11].
For the Hg line, vy /5 is typically from 7.62 x 1073 to 8.03 x
103 nm for T, in the range of 5000-10000 K and n. in the
range of 10'4-10'" cm™>. a1 /5 = 7.83 x 1072 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 broaden-
ing, 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 broad-
ening and Van der Waals broadening). The resulting overall
convolution line shape is a Voigt profile. Each of these broad-
ening 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. 1If the velocity distribution of the hy-
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TABLE II
FWHM (IN NANOMETERS) OF DIFFERENT BROADENING
MECHANISMS FOR THE Hg LINE AT 486.1 nm

A}'iﬂsn’umsm‘ A}“D A}'a A"q'S tark

0.193 172 x 10~41? 1.97,%7 1.96 x 10~ 1152/3

g

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

8kT,In2\ /2 7.\ 2
AXp = \o (‘12”) =716 x 1077\ (") (3)
me M

where \g = 486.1 nm is the central wavelength of the Hg
line; T, 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 half-
maximum of the Van der Waals broadening in the frequency
space is given by [12]

2
Irh°R2 \° —%

where N = P/kT, 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.,

v = (4) “r <9> (7)% = 0.98 (8kT(g))m (5)
s 5 U

1 is the reduced mass of the emitter—perturber pair, }Tg is the
matrix element, and £, is the energy of the first excited state
of the perturber. In a helium plasma, F, = 24.6 eV, and Rify ~
520 for the Hg line [6]. Therefore, the FWHM of the Van der
Waals broadening in this paper can be written as

2 P [(orEE\® [SkT,\ T 1.9
Ao = 09829 — _—« g === (6
“ ¢ kT, (16ngg> ( i ) o7 ©

where A\, is in nanometers, and 7} is in kelvins. The helium
plasma has a smaller Van der Waals broadening effect com-
pared with air or argon plasmas due to large £,. Table II lists
the expressions for these broadening mechanisms.

The FWHM of a Voigt line shape with Gaussian width wg
and Lorentzian width wy, is empirically given by [13]

AMvoigs = 0.5346Awy,
+10 [0.2166(Awy)? + 1.3862(Awg)?]? . (7)
Therefore, Stark broadening can be expressed by
Adstark = Advoigt
~/(DXinstrument)? + (AAD)% = Adg. (8)
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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
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Fig. 9. ne of the helium plasma as functions of input power and helium flow
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The profile of the Hg line (200 W, 50 L/min He) is shown in
Fig. 8. The Stark broadening line shape is obtained after exclud-
ing the Van der Waals and Gaussian broadening mechanisms
from the measured spectrum. Fig. 9 shows the behavior of n. as
a function of the input power and gas flow rate. The calculations
show that 7, values are in the range of 10°~10'® cm~3 when
the input power is increased from 200 to 400 W. Although n.
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 n.
does not have strong dependence on the helium flow rate.

IV. CONCLUSION

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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for measuring the electron temperature 7, electron density n.,
and gas temperature Ty of a helium plasma. The Boltzmann
plots gives a T, 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 7, is assumed to be equal to Ty, which gives a
T, of 1000-2000 K when the power is increased from 200 to
400 W. However, T, has a value close to T, in the power range
0f 200-400 W. From these results (7, ~ T, > T,.), it is obvious
that the atmospheric-pressure helium plasma is not in thermal
equilibrium and could be considered in pLTE. Electron density
n. has been calculated from the Stark broadening of the Hg
line, which is in the range of 10'°~10'®cm~3 for the input
power of 200400 W.
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