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Abstract
Optical emission spectroscopy was used to measure the radial distribution of the mole fraction
of ambient air species (Ar, O2 and N2) diffusing into a radio frequency (13.7 MHz) helium (2.0
standard liters per min (slm)), atmospheric pressure plasma jet (APPJ). Line-integrated
emissions recorded as a function of lateral position (at fixed axial positions), perpendicular to
the jet axis, were magnified and fed into a spectrometer. Selected emission intensities were then
Abel inverted to obtain radial emission profiles. The latter were converted into absolute mole
fraction profiles, using a ‘self-actinometry’ method, in which known small amounts of Ar, O2,
or N2 were added to the He feed gas to produce a small change in emission intensity. Without
shielding gas, the on-axis air mole fraction increased from zero at 1 mm, to 10−3 at 3 mm and
10−2 at 5 mm from the nozzle. The radial distribution was center-low near the nozzle, and
flattened further downstream. N2 shielding gas (4.5 slm) flow in an annular jet coaxial with the
He jet, reduced air diffusion by 2–3 times. Simulation of air diffusion into the plasma jet
showed similar axial number densities of air species, as well as similar effectiveness of the
shielding gas, compared to experimental data. The shielding effectiveness in this study was
lower than that in published works because of the higher gas temperature in the present APPJ.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Atmospheric pressure plasma jets (APPJs) are widely studied
mainly for current and potential medical applications [1–4].
The plasma is operated by flowing He or Ar gas through a
(usually quartz) capillary tube, with power delivered through
a pair of electrodes. The electrodes can take various forms
to prevent arcing or to reduce plasma gas temperature [5].
The APPJ can operate in open air, producing a small ‘plasma
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needle’, making it suitable for precise, direct treatment of
surfaces.

During operation, ambient air diffuses into the plasma jet,
producing various reactive oxygen-nitrogen species (RONS)
[6–8] that are thought to be beneficial in medical treatments,
while often being unwanted for other applications. Further-
more, it is essential to control the RONS species and their
concentrations. Reliance on ambient air to produce RONS
can lead to inconsistent performance due to the day-to-day
changes in atmospheric pressure and humidity. In addition,
the N2-to-O2 ratio is limited to that of ambient air. To provide
a more controlled environment, ‘shielding’ gas is flown in

1361-6463/21/405203+14$33.00 1 © 2021 IOP Publishing Ltd Printed in the UK

https://doi.org/10.1088/1361-6463/ac10a2
https://orcid.org/0000-0001-5834-6678
mailto:Economou@uh.edu
mailto:vmdonnelly@uh.edu
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6463/ac10a2&domain=pdf&date_stamp=2021-7-22


J. Phys. D: Appl. Phys. 54 (2021) 405203 T Nguyen et al

an annular space coaxial with the jet. This acts as a curtain
to separate the plasma from ambient air [9, 10]. Dünnbier
et al [11] used molecular beam mass spectrometry to measure
the ambient air species densities, showing controllable beha-
vior by using a shielding gas. Reuter et al [10] reported
that the nitrite and nitrate amounts produced by a plasma jet
were greatly affected in the presence of a shielding gas. Dif-
ferent shielding gases can also be used to control the spe-
cies generated in the plasma [12–14]. Schmidt-Bleker et al
[13] demonstrated that increasing the humidity of a mixed
oxygen-nitrogen shielding gas decreased the ozone production
rate, while increasing the amount of oxygen in the shielding
gas increased the ozone production rate. Narimisa et al [15]
observed that argon shielding gas could improve the degree
of wettability of a treated surface and increased the treated
area on the substrate compared to nitrogen shielding gas. For a
plasma jet in contact with a liquid surface, employing nitrogen
shielding gas resulted in more DNA double-strand breaks in
cancer cells compared to oxygen shielding gas, indicating the
importance of RNS in the liquid [16]. Ogawa et al [17] found
that using shielding gas increased the length of laminar flow
downstream of the nozzle. As a result of the absence of tur-
bulence, the plasma jet footprint on the substrate was minim-
ized [17].With oxygen-containing shielding gas, negative ions
formed mixing layer lowered the plasma conductivity, which
led to greater penetration of the electric field [18]. Furthermore
it was found that the shielding gas guiding the working gas
flow could inhibit flash-overs to the grounded electrode [19].

Most published experimental studies of the chemistry of
atmospheric pressure plasmas have focused on identifying
reactive species and determining their concentrations. Meth-
ods including laser induced fluorescence (both single and two-
photon) and optical absorption spectrometry have been used to
detect O [20], OH [21, 22], and NO [23, 24]. It is also inform-
ative to quantify the concentrations of N2 and O2 present in
the plasma, as well as Ar (a convenient ‘tracer’ gas in air) in
He carrier gas plasmas. These species are not easily detect-
able by laser induced fluorescence methods (for example, N2

can be detected by a five-photon process [25], while Ar detec-
tion requires three photons for excitation [26]), and does not
absorb throughout the ultraviolet to infrared. O2 absorption at
the edge of the vacuum UV is weak and of course interfered
with by the surrounding air. Coherent anti-Stokes Raman spec-
troscopy (CARS) has been used to detect N2 in atmospheric
pressure plasmas [27], however, CARS is less sensitive than
other methods for detecting trace species. In addition, CARS is
not easily applicable for spatially resolved measurement, due
to the need to simultaneouslymove the pump beams and signal
beam [27].

Previously, we reported a ‘self-actinometry’ method that
can be used to obtain absolute number densities of stable
species in low pressure plasmas. N2 and CO number dens-
ities were obtained in NH3 and CH3F/O2 plasmas [28, 29],
respectively, and were verified by independent spectroscopic
measurements. In this study, self-actinometry was demon-
strated under the more complex conditions encountered in
atmospheric pressure plasmas. Radial distribution of absolute
number densities were obtained for air species diffusing into

the plasma jet with or without a shielding gas. The radial emis-
sion profiles of these species were obtained first, and then con-
verted into radial mole fraction profiles. The experimental data
were compared with simulation predictions.

2. Experimental methods

2.1. Plasma jet configuration and collection of emission

A helium plasma jet (figure 1) was made by flowing 2 stand-
ard liters per minute (slm) He (ultra high purity, with typical
impurity levels of <0.1 ppm Ar [30], <4 ppm O2 and <5 ppm
water) through a central quartz tube (2 mm inner diameter).
A grounded copper ring was wrapped around the central tube.
A tungsten needle electrode inside the tube was powered with
a 13.7 MHz, 1.7 kV peak-to-peak sinewave voltage supplied
by a function generator and amplifier. The amplifier output
was connected to one end of a coil. The other end of the coil
was connected to the tungsten needle electrode. The design
of the plasma source and configuration of the matching net-
work coil were as described by Bruggeman et al [31], with
small modifications to dimensions and operating frequency.
The applied frequency was tuned to minimize reflected power
to less than a few W with 40 W forward power measured with
a Bird power meter between the amplifier output and match-
ing network input. This measurement does not account for any
power lost in the matching network and thus somewhat over-
estimates the true power dissipated in the discharge.

Superimposed on the schematic in figure 1 is a white light
photograph of the plasma jet. Visible emission from the jet
extends to a distance of about 7 mm from the nozzle. With
the plasma source axis oriented in the horizontal direction,
light perpendicular to the axis of the plasma jet was magni-
fied by a lens (15 cm focal length, 4× magnification, with
an 8 mm diam. aperture) and focused onto a 0.5 mm core
optical fiber, thus providing a spatial resolution of 0.125 mm
(figure 2). By moving the optical fiber in the vertical direc-
tion, perpendicular to the jet axis at a fixed axial position, the
laterally resolved emission was captured and fed into a spec-
trometer consisting of a 0.55 m focal length monochromator
(ISA model TRIAX 550) and an intensified charge-coupled
device (ICCD, Princeton Instruments, model PI-Max I). The
grating used was 300 grooves mm−1, producing a resolution
of 1 nm for a 0.4 mm slit width, sufficient to resolve the emis-
sion lines and bands of interest. While the ICCD is capable of
providing time-resolvedmeasurements, signals were collected
over many cycles of applied voltage and thus provided time-
averaged values. This also averages-out any fluctuations in the
spatial position of the jet.

The gas temperature was measured by recording the N2

(C3Πu, v′ = 0 → B3Πg, v′′ = 2) vibronic emission band
near 380 nm, at a distance of 5 mm from the nozzle, with
and without shielding gas. The shape of the emission band
was simulated and matched to experiments, with the rotational
temperature being the only adjustable parameter [32–34].
Temperature was 1000Kwithout shielding gas and 800Kwith
shielding gas.
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Figure 1. RF atmospheric pressure plasma jet configuration. The nitrogen shielding gas flow was either 4.5 slm or zero (no shielding gas).
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Figure 2. Schematic (not drawn to scale) of elements and configuration for collection of APPJ emission.

Using a gas temperature of 900 K, the Reynolds number
was Re = 90 at the tip of nozzle of the glass tube where the
jet emerged into open air, thus flow was laminar. A co-axial
flow of 4.5 slm N2 shielding gas surrounded the He flow in
some experiments, to separate the plasma jet from ambient air,
while in other experiments, no shielding gas was used. Mass
flow controllers were used to regulate He plasma gas and N2

shielding gas flow rates. Traces of either Ar, O2, or N2 were
also added to the He flow. In this case, a 2 sccm full scale mass
flow controller was used. With 2 slm He flow, the regulated
trace flow produced mole fractions of between 0.00005 and
0.001.

Emission was Abel inverted (assuming 2D azimuthally
symmetric profiles) to produce the radially resolved emission
of the plasma jet at different axial positions (1 mm, 3 mm, and
5 mm distance from the nozzle), with or without a 4.5 slm N2

shielding gas. The Abel inversion was carried out by numeric-
ally integrating the expression,

f(r) =−1
r

∞̂

r

dF
dy

dy√
y2 − r2

where r is the radial distance, f(r) is the radial distribution
(derived profile), y is the lateral distance, andF(y) is the lateral

distribution (measured profile). This method for acquiring the
radial emission intensity was verified by illuminating a thin
metal mesh sheet rolled into a 1 mm diam. hollow cylinder,
thus creating a light scattering source similar to a hollow, cyl-
indrical emission from air species at the edge of a He plasma
jet. Using the same optics as in the experiments, the inverted
intensity of the scattered light was sharply peaked at 0.5 mm
from the center. The profile fell to zero intensity at the cen-
ter and at the edge. The Abel inversion was as expected, thus
validating the procedure.

3. Results and discussion

3.1. Line-integrated radial emission profiles

Line-integrated emission intensities perpendicular to the
plasma jet axis were recorded from He (33S→ 23po,
706.6 nm), Ar (4p 2 [5/2]→ 4p 2[3/2]o, 811 nm), O-atom
(35P→ 35So, 777.5 nm), and N2 (C3Πu, v′ = 0 → B3Πg

v′′ = 0, 337 nm monitored at 2nd order) as a function of dis-
tance from the axis of the cylindrically symmetric plasma for
fixed axial distances of 1, 3 and 5 mm from the nozzle. One set
of measurements is shown in figure 3, for emission recorded
at a fixed axial distance of 5 mm from the nozzle. The line-
integrated emission intensities at the center (distance = 0),
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Figure 3. Horizontal line-integrated emission intensities from He, O, Ar and N2 recorded by scanning the optical axis along the plane
perpendicular to the plasma jet axis (figure 2). The x-axis distance, d, is that between the optical axis and plasma jet axis. He flow
rate = 2.0 slm. He emission intensities were normalized to unity at the center (d = 0). (a) No N2 shielding gas flow. O, Ar and N2 emission
intensities were also normalized to unity at the center. (b) N2 shielding gas flow rate = 4.5 slm. O, Ar and N2 emission intensities were
normalized with the same O-to-He, Ar-to-He and N2-to-He emission normalization ratios as were used in (a) to reveal any changes in
relative O, Ar and N2 emission intensities relative to He emission, caused by the presence of the shielding gas.

with no shielding gas (figure 3(a)) are normalized to unity.
The emission profiles of He, Ar and O are similar; N2 emission
extends farther from the plasma jet axis. With N2 shielding
gas flowing (figure 3(b)) He emission intensity was again nor-
malized to unity at the center. Using the same normalization
factors, relative to He, that were used in figure 3(a), emission
from O and Ar were found to drop by nearly half in the cen-
ter, while N2 emission was the same intensity and shape as
in figure 3(a). This is at least qualitatively as expected. The
shielding gas suppresses air from diffusing into the center of
the plasma jet, while the substitution of static air with flowing
N2 caused little change in the amount of N2 in the plasma jet.

In some cases, the emission profiles weremoderately asym-
metric with respect to distance from the center. This is most
prevalent for N2 (e.g. figure 3(a)), due to the fact that the
emission is the most intense and N2 number density maxim-
izes with increasing radial distance. This asymmetry is due to
random small movements of the jet above or below the tube
axis. (Note that themeasurements are not significantly affected
by displacements in the horizontal direction.) Since the Abel
inversions assumed azimuthal symmetry, we took the average
of the intensity at distance +d and −d from the center to be
the intensity at +d and at −d.

3.2. Theory of self-actinometry

Raw emission intensity measurements such as those in figure 3
are only qualitatively related to species number densities.
Often emission intensities for species of interest are divided by
emission intensities from rare gases present at know concen-
trations to derive qualitative relative and even absolute num-
ber densities. This actinometry method has been successfully
been used for selected species in low pressure plasmas. Neces-
sary but not sufficient requirements for actinometry are that
emission be excited by electron impact from the ground state,
that the electron impact excitation cross section of the emit-
ter match the relative energy dependence of the rare gas (usu-
ally Ar 2p1 emission at 750.4 nm is best for this purpose),

that emission is not a result of dissociative excitation, and that
quenching of excited states by collisions with gas molecules
is slow compared with radiative decay, or that the quenching
rate is accurately known.

While emissions from He, Ar and N2 are excited by elec-
tron impact, excited O-atoms are produced mainly by Penning
dissociative excitation of O2 in collisions with He metastables
(He∗) [35–37]. The excitation reactions are,

He+ e→ He
(
33S

)
+ e (1)

Ar+ e→ Ar (4p 2 [5/2]2p8)+ e (2)

N2 + e→ N2
(
C3Πu

)
+ e (3)

O2 +He
(
23S

)
→ He+O

(
35P

)
+O (4)

where the He
(
23S

)
metastable state was created by electron

impact,

He+ e→ He
(
23S

)
+ e. (5)

Stepwise excitation the He(33S) emitting state via electron
impact from the 23S metastable state can be ignored (<4%
from an unpublished modeling calculation), since the meta-
stable state number density is quite low at atmospheric pres-
sure in air.

Since Ar is one of the species that we wish to detect, Ar
cannot be used as the actinometer gas (the density of the actin-
ometer gas must be known). In addition, O emission results
from He metastable dissociative excitation of O2 and quench-
ing of excited states cannot be ignored (discussed below)
at atmospheric pressure. Consequently, standard actinometry
cannot be used to obtain even semi-qualitative relative number
densities for this atmospheric pressure plasma.

Species absolute number densities were instead determined
by a form of actinometry in which a known small amount of
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gas added to themainHe flow produces a small but measurable
change in the emission intensity characteristic of that species.
This ‘self-actinometry’ method allows an absolute calibration
of emission intensities to produce absolute number densities,
most easily expressed as mole fractions. We stress that this is
not classical actinometry. In classical actinometry, one would
for example measure the N2-to-He or Ar-to-He ratio as a func-
tion of a condition such as axial position and simply take the
ratio as an indication of relative number density for those con-
ditions. Because the gas composition changes with condition,
the ionization pathways and loss processes are altered, pos-
sibly resulting in a substantial change in the electron energy
distribution function (EEDF) that will influence the relative
actinometry proportionality constant. This could easily result
in orders of magnitude errors in relative N2 or Ar mole fraction
determined by actinometry. Furthermore, it would be diffi-
cult to compute or measure the actinometric constant to obtain
absolute mole fractions because the EEDF is not known.

In self-actinometry, that we have reported for low pressure
plasmas, and here are extending to atmospheric pressure, we
are introducing a small amount of the species of interest (i.e.
N2 O2, or Ar) to a plasma that already contains generally much
higher levels of these species. The perturbation to the plasma
is therefore relatively small, as sensed by the small change in
He emission and He-to-Ar ratio for added O2. The calibration
is done for each position, thereby eliminating the problems

caused by large changes in plasma conditions as a function
of position. If one were to study dependencies on other con-
ditions, such as flow rate or power, one would similarly do
a calibration of the emission intensity for each flow rate or
power, and not simply assume that the emission ratio scales
with species number density with a flow rate-independent, or
power-independent proportionality constant.

In the absence of trace additions of Ar, O2 or N2 to the He
feed gas, and ignoring any species produced by the plasma,
the total number density, nT, at a particular radial and axial
location (r, z) in the plasma jet, is given by the sum of the
component number densities,

nT = nHe + nAr + nO2 + nN2. (6)

Taking Ar as an example, the intensity of Ar emission at
811 nm is given by

I0Ar = a0Arn
0
e nArY

0
Ar (7)

where a0Ar is a proportionality constant that depends on the
electron energy distribution, n0e is the electron density, the
superscript 0 refers to the condition in the absence of trace
gas addition to the He flow, and Y0

Ar is the yield for emission
of a photon by the excited state after it is formed by electron
impact. Y0

Ar is given by

Y0
Ar =

bArAAr

AAr + kHeq,ArnHe + kArq,ArnAr + kO2q,ArnO2 + kN2q,ArnN2 + keq,Arn
0
e

(8)

where bAr is the branching ratio for the transition in Ar,
AAr is the Einstein A coefficient for the transition, and the
quenching rate constants kq correspond to the superscripted
species.

If a trace of Ar at a flow rate fAr is added to the He feed
gas flow fHe, producing an additional ∆nAr in the plasma at

(r, z), a change (usually, but not necessarily an increase) in Ar
emission results in a new intensity IAr, given by

IAr = aArne (nAr +∆nAr)YAr (9)

with YAr now given by

YAr =
bArAAr

AAr + kHeq,ArnHe + kArq,Ar [nAr +∆nAr] + kO2q,ArnO2 + kN2q,ArnN2 + keq,Arne
. (10)

Similarly, the intensity and yield for He in the absence of added
Ar are given by

I0He = a0Hen
0
e nHeY

0
He. (11)

Y0
He =

bHeAHe

AHe + kHeq,HenHe + kArq,HenAr + kO2q,HenO2 + kN2q,HenN2 + keq,Hen
0
e

(12)
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while in the presence of trace added Ar, they are

IHe = aHenenHeYHe (13)

YHe =
bHeAHe

AHe + kHeq,HenHe + kArq,He [nAr +∆nAr] + kO2q,HenO2 + kN2q,HenN2 + keq,Hene
. (14)

As shown in figure 4, the addition of trace Ar to the He
flow causes small changes in He emission, likely due to small
changes in the electron density and/or energy distribution. If
the perturbations affect the Ar excitation the same way they
affect He, then aArne can be determined from

aHene
a0Hen

0
e

=
IHeY0

He

I0HeYHe
=
aArne
a0Arn

0
e
. (15)

Equating of the third term in equation (15) with the first two
terms would be a trivial assumption if solely ne were affected
by trace Ar addition. It was not possible to experimentally
determine if changes in the electron energy distribution would
make this an invalid assumption for trace Ar addition to He,
but it is shown below (in the section on calibrations) that addi-
tion of traceO2 made negligible changes in theHe/Ar emission
intensity ratio (Ar from air diffusion into the He feed gas) at
all three axial positions.

Dividing equation (9) by equation (7), rearranging, and sub-

stituting IHeY
0
He

I 0HeYHe
from equation (15) for aArne

a 0
Arn

0
e
yields the expres-

sion for nAr

nAr =
∆nAr(

I 0HeYHe
IHeY 0

He

)(
IArY 0

Ar

I 0ArYAr

)
− 1

. (16)

The plasma extinguishes before the impurities in He from
both the added trace gas and inward diffusing air become sub-
stantial (impurities lower the population of high energy elec-
trons, leading to a reduction of the ionization rate for a given
electric filed, a resulting drop in electric field near the tip and
radial edge of the jet, and an extinguishing of the plasma).
Hence,∆nAr is given to a good approximation by

∆nAr =
fAr
fHe

nT. (17)

Finally, combining equations (16) and (17), the mole frac-
tion of Ar in the plasma is,

nAr
nT

=

fAr
fHe(

I 0HeYHe
IHeY 0

He

)(
IArY 0

Ar

I 0ArYAr

)
− 1

(18)

where the quantities on the right hand side of equation (18)
are measured (intensities), known (flows), or can be calculated
(yields).

Similar to trace Ar addition, small changes in He emission
are produced by trace addition of N2 or O2. (Model predic-
tions of the small effect of minute additions of N2 on He emis-
sion compare favorably with experiments, as presented in the

appendix). An analogous equation holds for the number dens-
ity of N2, determined from N2 C → B emission, with all the
Ar subscripted variables in equation (18) replaced by the cor-
responding values for N2:

nN2

nT
=

fN2
fHe(

I 0HeYHe
IHeY 0

He

)(
IN2Y

0
N2

I 0N2
YN2

)
− 1

. (19)

The O-atom 777 nm emission intensities IO and I0O with and
without added O2 are given, respectively, by

IO = aOnHe* (nO2 +∆nO2)YO (20)

I0O = a0On
0
He*nO2Y

0
O (21)

where aO is the rate constant for production of the excited state
O∗ from collisions of O2 withHe∗, (see equation 4)which does
not depend on electron temperature, hence a0O = aO. Here, He∗

is the He
(
23S

)
metastable state. Following the same procedure

as with electron impact excitation of Ar,

nO2 =
∆nO2(

n 0
He*
nHe*

)(
IOY 0

O

I 0OYO

)
− 1

. (22)

Equation (22) indicates that in order to determine the abso-
lute number density of O2 from O-atom 777 nm emission, an
analysis of He∗ production and loss is required to find the dens-
ity of metastables. At steady-state, dnHe*

dt = 0, and the mass bal-
ance with added O2 is given by:

kHe*nHene = nHe*
(
kHeHe*nHe + kArHe*nAr + kO2He* [nO2 +∆nO2]

+kN2He*nN2 + keHe*ne +F
)

(23)

where kHe* is rate constant for formation of He∗ by collisions
of electrons with He. Rate constants kHeHe*, k

Ar
He*, k

O2
He*, k

N2
He* and

keHe* represent loss of He∗ through collisions with the super-
scripted species, and F is the volumetric loss rate of He∗ out
of the observation region through convective transport. It turns
out that loss of species through transport is slow compared to
the reactions forming and destroying He∗ and can be ignored
(i.e. F= 0). Loss of He∗ through collisions with He∗ and He2∗

can also be ignored as a loss of He∗. Without added O2

k0He*nHen
0
e = n0He*

(
kHeHe*nHe + kArHe*nAr + kO2He*nO2 + kN2He*nN2

+keHe*n
0
e

)
. (24)

6
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Figure 4. On-axis He emission intensity (706 nm) at 1 mm, 3 mm
and 5 mm axial distance from the nozzle, as a function of N2, O2,
and Ar addition to the feed gas to achieve the indicated mole
fraction.

The small dependence of keHe* on a small change in Te is
ignored (hence no superscript 0 is used). Letting kHeHe*nHe +
kArHe*nAr + kO2He*nO2 + kN2He*nN2 = Q, and dividing equation (24)
by equation (23) yields,

n0He*
nHe*

=
k0He*n

0
e

kHe*ne

Q+ kO2He*∆nO2 + keHe*ne
Q+ keHe*n

0
e

. (25)

The energy dependences of the cross sections for electron
impact excitation of He to its metastable states are similar to
that for the 3s3S state that is emitting at 706 nm. Specific-
ally, the cross section for electron impact excitation of the
metastable state is a nearly constant 2.0–2.5 × 10−18 cm2

from threshold (20.6 eV) to 40 eV, and excitation of the state
responsible for the 706 nm emission by electron impact is
likewise a nearly constant 3–4 × 10−19 cm2 from just above
threshold (22.6 eV) to 40 eV [38]. If the addition of trace
gas in the calibration process were to change Te for example
from 2.4 to 2.6 eV, the rate constant for 11S → 21S would
increase by a factor of 1.9 while that for 11S → 31S would
increase 2.0-fold. Nothing close to a two-fold change in He
emission was observed. Consequently, any smaller change in
plasma conditions affects He emission excitation andHemeta-
stable formation in the same way, and one can assume that
k 0He*n

0
e

kHe*ne
≈ a 0

Hen
0
e

aHene
=

I 0HeYHe
IHeY 0

He
, hence equation (22) yields,

nO2 =
∆nO2(

I 0HeYHe
IHeY 0

He

)(
Q+kO2He*∆nO2+keHe*ne

Q+keHe*n
0
e

)(
IOY 0

O

I 0OYO

)
− 1

. (26)

Radiative rates and quenching rate constants are summar-
ized in table 1 (bold numbers are estimates). Previous meas-
urements indicated that the average gas temperature in the
plasma is 900 K, thus the quenching rate constants were selec-
ted at 900 K, if available. Otherwise they were estimated using

k(T2)
k(T1)

=
(
T2
T1

)0.5
. The maximum quenching rates at maximum

species number densities (5 mm from nozzle) are presented in
table 2. Table 3 shows the effect of trace gas addition on emis-
sion yields and on quenching of He∗. The quenching factor
FQ is defined as the mole fraction determined with quench-
ing accounted for, divided by the mole fraction determined
without accounting for quenching (i.e. setting all quenching
rate constants equal to zero),

nAr, N2 or O2 (with quenching)
nAr, N2 or O2 (without quenching)

= FQ. (27)

In all cases, quenching by electrons can be ignored. For
Ar actinometry, the small amount of added Ar causes a negli-
gible increase in the total quenching of Ar (2p8) and He (3s3S)

at 3 mm and 5 mm from the nozzle, hence Y 0
He
YHe

≈ Y 0
Ar
YAr

= 1 in
equation (18). However, at 1 mm, where neither O2 nor N2 are
present for quenching of He (3s3S), the contribution by trace
Ar addition becomes significant and must be accounted for.

For N2, loss of N2 (C3Πu) is mainly by emission and
quenching by He and O2, with negligible N2 quenching. Thus,
addition of N2 would not affect N2 (C3Πu) emission yield(
Y 0
N2
YN2

= 1

)
. Loss of He (3s3S) is dominated by N2 quench-

ing, however, and at 1 mm from the nozzle, where insigni-
ficant amounts of ambient N2 have diffused into the plasma,
the small addition of N2 leads to significant changes in the

emission yield of He
(
Y 0
He
YHe

= 1.44
)
, making the inclusion of

quenching important with FQ = 1.44. At 5 mm from nozzle,
a large amount of N2 is present in the plasma, thus the addi-

tion of trace N2 is not as impactful
(
Y 0
He
YHe

= 1.04
)
. However,

due to the closeness of
I 0N2
I 0He

(no N2 addition) and
IN2
IHe

(with N2

addition) (figure 4), the quenching factor remains important
(FQ = 1.83).

Finally, addition of a small amount of O2 to the feed gas
will cause a negligible increase of the loss rate of O (3p5P)(
Y 0
O2
YO2

≈ 1

)
. Similar to N2, little air diffuses into the plasma at

1 mm, hence trace addition of O2 severely impacts both the

He emission yield
(
Y 0
He
YHe

= 1.44
)
and the He∗ quenching rate(

Q
Q+kO2He*∆nO2

= 0.029
)
, leading to very large quenching effect

(FQ = 0.0257). This effect is greatly reduced at 3 and 5 mm
from nozzle, and the quenching factor becomes FQ ≈ 0.85.

Under the assumption that the excitation rate constants
of Ar, N2, He and He∗, the various emission yields, and
the excitation and quenching rates of He∗ each behave sim-
ilarly as electron number density, electron temperature and
mole fractions change from plasma center to the edge with

or without shielding gas. i.e.
(
a 0
He(r=0)
a 0
He(r)

=
a 0
S (r=0)
a 0
S (r)

, Y 0
He(r=0)
Y 0
He(r)

=

Y 0
S (r=0)
Y 0
S (r)

, Q(r)
Q = kHe*(r)

k 0He*

)
, where S can be Ar, N2, or O2. Under

these conditions, the radial emission intensity, I
r
S/IrHe

, can be

converted into radial mole fractions, n
r
S(r)
nT

, as follows
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Table 1. Einstein A-coefficients (106 s−1) and quenching rate constants (10−10 cm3 s−1) for the states indicated in the first column at
900 K. (a) An upper limit, assumed to be the same as quenching by N2. (b) O (777) (3p5P) quenching rate constants assumed to be the same
as O (844) (3p3P). Bold numbers are estimated quenching rate constants.

Quenching rate constants

State A He Ar O2 N2 e

Ar (811) (4p 2[5/2] 2p8) 36.6 [39] 0.24 [40] 0.42 [40] 11 [40] 6.1 [40] —
He (706.5) (3s3S) 27.9 [41] 0 [42] <12(a) <12(a) 12 [43] —
O (777) (3p5P) 36.9 -44] 0.12 [45] 0.36(b) 18 [46] 7.4(b) —
O (844) (3p3P) 32.2 [44] 0.26 [47] 0.36 [47] 11 [47] 7.4 [47] —
N2 (C3Πu) 28.6 [48] 0.017[49] 0.0097 [50] 5.0 [51] 0.23 [51] 1000 [52]
He (2s3S) — <10−5 [53] 3.0 [54] 6.0 [54] 3.0 [54, 55] 6.5 [56]

Table 2. Maximum quenching rates (106 s−1) for the states indicated in the first column at maximum number densities (cm−3) given along
the second row. Bold numbers are estimated quenching rates, corresponding to the bold numbers in table 1.

Maximum quenching rates (106 s−1)

State A He 2 × 1019 Ar 4 × 1015 O2 5 × 1016 N2 2 × 1017 e 1 × 1013

Ar (811) (4p 2[5/2] 2p8) 36.6 490 0.17 55 120 —
He (706.5) (3s3S) 27.9 0 <5 <60 250 —
O (777) (3p5P) 36.9 240 0.15 91 150 —
O (844) (3p3P) 32.2 520 0.15 55 150 —
N2 (337) (C3Πu) 28.6 35 0.0039 25 4.6 1.0
He (2s3S) — <0.02 1.2 30 60 0.0065

Table 3. Effect of trace gas (Ar, N2 or O2) addition on emission yields ( Y
0

Y ), He
∗ quenching rates, Q

Q+kO2He*∆nO2
, see equation (25), and the

resulting quenching factors FQ (equation (27)).

Ar N2

Distance from nozzle
Y 0
He
YHe

Y 0
Ar
YAr

FQ
Y 0
He
YHe

Y 0
N2
YN2

FQ

1 mm 1.44 1.01 1.41 1.44 1.00 1.44
3 mm 1.05 1.00 1.06 — — —
5 mm 1.04 1.00 1.05 1.04 1.00 1.83

O2

Distance from nozzle Y 0
He
YHe

Y 0
O2
YO2

Q
Q+kO2He*∆nO2

FQ — —

1 mm 1.44 1.07 0.029 0.0257 — —
3 mm 1.05 1.05 0.907 0.854 — —
5 mm 1.04 1.04 0.921 0.841 — —

nrS (r)
nT

=

IrS/IrHe
(r)

I0S
/
I0He

nS
nT

. (28)

3.3. Self-actinometry calibration

Calibrations were carried out for N2, O2, andAr at 1mm, 3mm
and 5mm distances from the nozzle (calibration of N2 at 3 mm
was assumed to be an average of the nearly identical 1 mm
and 5 mm values). In the calibrations process, line-integrated
emission intensities across the axial center of the plasma were
recorded as a function of the addition of trace amounts of N2,

O2, or Ar to the He feed gas. The intensities of Ar, O and N2,
ratioed to He emission, were recorded as a function of mole
fraction of added Ar, O2 and N2, as shown in figure 5. The

slopes of the linear least squares fits provided the calibration.
This calibration was then applied to the radial distribution of
species emissions (derived by Abel inverting line-integrated
lateral emission profiles) to produce the final radial distribu-
tion of species mole fractions. Since the calibrations were car-
ried out at the three axial positions by probing along the most
intense line-integrated radial emissions passing through the
plasma jet axis, there is a bit of a mismatch between the calib-
ration and the radially-resolved, Abel-inverted emissions. This
is less of an issue at 3 and 5 mm from the nozzle, where signi-
ficant air diffusion has occurred such that the radial distribu-
tion of air species is relatively flat, but may lead to increased
error in the absolute calibration of species mole fractions far
from the axis at 1 mm from the nozzle, where concentration
gradients are large.

8
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Figure 5. N2/He, O/He, and Ar/He intensity ratios at 1 mm, 3 mm
and 5 mm axial distance from the nozzle as a function of N2, O2,
and Ar addition to the feed gas to achieve the indicated mole
fraction. The lines are least-square linear fits. The calibrations,
determined from the slopes of the fits, were (×103) 15.7, 6.2 and 3.2
for Ar, and 19.7, 15.5 and 4.6 for O2 at 1, 3 and 5 mm, respectively.
The slopes (×103) for N2 were 0.73 and 0.96 at 1 and 5 mm.

The He 706 nm emission may be a relatively good indic-
ator of changes in the relative population of electrons in the
>20 eV region that are also important for creating He meta-
stables. The He 706 nm emission may not be very representat-
ive of the lower energy electrons that are effective in exciting
N2(C3Πu) and Ar emission, however. Some insight into this
may be obtained by noting the effect of adding small amounts
of O2 to the He feed. Since the He/Ar number density ratio
remains constant, the He/Ar intensity can be used to estimate
aHe
aAr

as a function of ∆nO2 from the relationship,

aHe
aAr

=

(
nAr
nHe

)
IHe
IAr

YAr
YHe

. (29)

As shown in figure 6, IHeIAr (with or without multiplying by the

factor YAr
YHe

that corrects for small changes in quenching rates)
remains nearly constant as a function of added O2 at 3 and
5mm, and drop onlymodestly at 1mm, indicating little change
in the distributions of electron energies with this small amount
of impurity, and justifying the use of He 706 nm emission in
this actinometry role.

3.4. Radial mole fraction of air impurity diffusing into the
plasma jet

Emission intensities of N2, O2, and Ar were measured as a
function of radial distance, at different axial positions away
from the nozzle. The intensity was then converted into mole
fractions as described above (presented in figure 7). Correc-
tions based on quenching of excited states were applied. The
error bars were calculated from standard propagation-of-error
analysis and are based on the following errors: 1% in gas flow

0.0000 0.0001 0.0002 0.0003 0.0004 0.0005
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H
e/
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 In
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Figure 6. Line-integrated radial IHeIAr as a function of added O2 mole

fraction (solid symbols) and IHe
IAr

(open symbols, with quenching
effect accounted for) at 1 mm, 3 mm, and 5 mm axial distance from
the nozzle.

rate, 10%–30% in quenching rate constants, as reported in the
literature (50% error for estimated rate constants), and errors
in determination of slopes and intercepts of intensity ratio vs
added trace gas mole fraction (figure 5).

The uncertainty in the derived number densities vary sub-
stantially, depending on species and conditions. For example,
the uncertainty in N2 concentration at 3 and 5 mm axial dis-
tance in figure 7 is rather large (∼±50%), despite the fact
that the emission signals are intense, while the uncertainty is
only a few % in Ar concentration at these locations, despite
the fact that Ar is present at much lower concentration and
is weakly emitting. It is also hard to compare errors in this
method with traditional actinometry, where unknown errors
such as dissociative excitation, processes other than electron
impact leading to production of emission, radiation trapping,
etc make it highly suspect as even a qualitative method. The
self-actinometry method we describe here ‘cancels-out’ such
problems.

Figure 7 shows that the measured mole fraction profiles of
N2, O2 and Ar at 3 mm and 5mm from the nozzle are fairly flat
across the 1.0 mm diameter of the plasma jet, with N2:O2:Ar
percentages of 90.0 ± 3.3:7.4 ± 3.0:0.6 ± 0.3 at 5 mm and
80.6 ± 7.4:17.7 ± 6.8:1.7 ± 0.8 at 3 mm. Given the com-
plexities in the optical emission excitation processes (partic-
ularly O-atom emission), as well as the added uncertainties
introduced by the Abel inversion, the agreement of the meas-
ured number densities with the composition of air (78:21:1) is
quite remarkable, especially at 5 mm.

At 1 mm distance from the nozzle, both O2 and Ar are
present at the center of the plasma, while N2 is absent (exceed-
ingly low mole fraction). This is due to trace O2 (or possibly
H2O) and Ar impurities in the He feed gas. The ambient N2

(i.e. air) diffusion front is ∼2 mm radial distance from the jet
axis at 1 mm axial distant from the nozzle. With 4.5 slm N2

shielding gas, O2 and Ar mole fractions do not change at 1 mm
since their values still come from the He gas feed impurities.

9
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Figure 7. Experimental radial profiles of air species mole fraction,
with (dashed lines) and without (solid lines) shielding gas, at 1 mm,
3 mm, and 5 mm axial distance from the nozzle. The error bars were
computed from standard propagation-of-error analysis.

At 5 mm, however, the shielding gas flow reduces O2 and Ar
content in the plasma jet by a factor of 2–4. N2 content at the
center increases by a factor of 1.24, close to the expected 1.28
increase in N2 content between the pure N2 shielding gas and
air. Furthermore, as expected, the O2 and Ar mole fractions
decrease and the nitrogen mole fraction increases in the pres-
ence of shielding gas (figure 7).

3.5. Comparison with simulations

A two-dimensional numerical simulation of a non-equilibrium
APPJ in helium, with co-axial nitrogen shielding gas was
also performed. The shielding gas provided a curtain hinder-
ing penetration of the ambient gas (here dry air 78%N2–
21%O2–1%Ar) into the helium jet. Details of the model are
given elsewhere [57]. Briefly, a neutral gas convective mass
and heat transport model was combined with a fluid plasma
dynamics model to predict the APPJ discharge characterist-
ics. The model predicted (among other quantities) the 2D pro-
files of gas temperature and species concentration, along with
electron density and temperature, with and without shielding
gas. Simulation predictions of ambient species mole fractions
in the plasma jet, were compared to experimental measure-
ments. Results for an APPJ with nitrogen shielding gas were
compared to an otherwise identical APPJ without shielding
gas.

Figure 8 shows simulated and experimental radial distribu-
tions of the mole fraction of oxygen, nitrogen, and argon, at
axial distances of 1 mm, 3 mm, and 5 mm from the nozzle,
with and without shielding gas. In general, the simulated mole
fractions are larger than the measured values. For all three
axial locations, both simulations and experiments show that
in the presence of nitrogen shielding gas, the mole fractions of
oxygen and argon decrease while the mole fraction of nitro-
gen increases in accordance with expectation. The simulated
mole fractions of all air components minimize at the centerline
and increase monotonically along the radius. While both the
measured and simulated mole fraction radial profiles become
less center-low with increasing axial distance from the nozzle,
the experimental O2 and Ar profiles dip no more that 2-fold
over the ±0.5 mm distance included in the Abel inversion
at 3 mm and 5 mm axial distance, and measured N2 mole
fractions actually peak slightly at the center. Simulations pre-
dict that the mole fractions fall about 9-fold and 3-fold from
the edge to the center at 3 mm and 5 mm axial distance,
respectively.

Simulations would be expected to reproduce the correct
Ar:O2:N2 ratio of air in the absence of shielding gas, since
the diffusivity of these species in an air/He mixture are quite
similar. The measured air composition is much closer to sim-
ulation predictions for larger distances from the nozzle (i.e.
5 mm). As discussed above, small mole fractions (∼10−5) of
Ar and oxygen-containing (H2O, O2) impurities in the He car-
rier gas leads to levels of Ar and O2 higher than that possible

10
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Figure 8. Mole fraction radial profiles of O2, N2 and Ar at axial distances from the nozzle of 1 mm, 3 mm, and 5 mm, without (a)–(c), and
with (d)–(f) shielding gas. Solid lines are simulation predictions, broken lines are experimental profiles.

for air (i.e. relative to N2) at 3 mm and especially 1 mm
from the nozzle, as well as a flatter profile than predicted by
simulations. Also, the experimental uncertainty is higher in
measuring such low mole fractions.

At the radial position r = 0.45 mm (∼ the edge of
the plasma column), the measured nitrogen mole fraction
increases by a factor of 100, going from 1 mm to 3 mm from
the nozzle, and by a factor of 10 going from 3 mm to 5 mm
from the nozzle, both with and without shielding gas. The sim-
ulation predicts a similar relative increase in N2 at this radial
position without shielding gas. With shielding gas the simu-
lated N2 mole fractions at the radial edge increase dramatic-
ally and become less dependent on axial position than do the
measured values. An increase of nitrogen mole fraction with
nitrogen shielding gas could be attributed to enhanced mass

transport due to the stronger convective flow in the presence
of shielding gas. It should be pointed out, however, that the
raw OES measurement of N2-to-He emission (before the Abel
inversion) is virtually unchanged (0.3% decrease) in the pres-
ence of shielding gas, while the simulated N2 mole fraction
near the axial center (where the raw OES measurements are
most heavily weighted toward) increases ∼3–30 times as a
function of decreasing axial distance from the nozzle. The
reason for this discrepancy between simulations and measure-
ments is not clear.

Clearer comparisons between simulation predictions and
experimental data in figure 8 of the on-axis mole fraction of
O2, N2 and Ar at different distances from the nozzle, without
shielding gas, are shown in figure 9. Themole fraction of nitro-
gen at a distance from the nozzle of 1 mm is too low to be
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Figure 9. Comparison between simulation predictions (lines) to
experimental data (points) of the on-axis mole fraction of O2, N2 and
Ar for three axial distances from the nozzle, without shielding gas.

measured, so its experimental point is missing. At 3 mm from
the nozzle, the simulated oxygen and argon mole fractions
are in good agreement with experimental data. At 5 mm, the
agreement is reasonable, except for O2, where the simulation
predicts about 6 times higher mole fractions. Close to the
nozzle (i.e. 1 mm), the measured Ar mole fraction is 9 times
higher than the simulations. As discussed above, the too-high
Ar levels at this position were caused by a trace Ar impur-
ity in the helium feed gas. The simulation did not account for
such impurities. In addition, for all three species, the mole
fraction ratio between 3 mm and 1 mm from the nozzle is
much higher than the corresponding ratio between 5 mm and
3 mm from the nozzle, which agrees with the experimental
trend.

The discrepancy between measured and simulated radial
number density profiles could be due to an assumptionmade in
the actinometric method. The actinometric calibrations were
performed without shielding gas using line-integrated emis-
sion across the plasma radius, perpendicular to and passing
through the central axis. Thus, it was assumed that the excita-
tion rate constants for Ar, N2, He and He∗ as well as the emis-
sion yields of excited species each were affected to the same
degree at all radial positions, with or without shielding gas.
Nevertheless, overall, the simulation captures the salient fea-
tures of the experimental measurements.

3.6. Comparison with published literature

The effect of shielding gas on anAPPJ has been studied before,
especially on the commercial device named kINPen [19, 58].
The shielding gas was found to be very effective, reducing air
diffusion at 5 mm from the nozzle by 5–10 times [10, 59],
compared to the 2–4 times air diffusion reduction measured

in this study. This discrepancy can be explained by the high
power applied to the plasma jet, resulting in higher gas tem-
perature. The plasma jet in the present study was operated with
40W nominal power, producing a gas temperature of∼900 K.
On the other hand, the kINPen was operated with less than
3.5 W, resulting in a gas temperature less than 320 K [58].
Higher temperature leads to higher diffusivity, thus lowering
the effectiveness of shielding gas. To ascertain this hypothesis,
simulation of air diffusion was also ran with 300 K, instead of
the simulated gas temperature of 800 K–1200 K, to observe
the impact of diffusivity on shielding gas effectiveness. Com-
pared to the high temperature simulation, which resulted in
shielding gas reduction of air diffusion by roughly ten-fold,
the 300 K simulation showed shielding gas reducing air dif-
fusion by∼100 times, proving that the shielding gas becomes
less effective with high gas temperature, though in both cases,
simulations predict a larger effectiveness in shielding gas than
was found experimentally. Therefore, the low effectiveness of
shielding gas seen in this study compared to others can be
attributed to the higher gas temperature of the APPJ studied
in the present work.

The results in the present study (without shielding gas)
can also be compared with Raman scattering measurements
of air diffusing into an APPJ with a feed gas of Ar and
2% air, reported by van Gessel et al for a similar discharge
configuration [60]. The presence of 2% air in the feed gas
make it difficult to compare their study to the present case.
At large radial and axial distances, however, the feed gas
is not the main source of air, hence valid comparisons can
be made. At axial distances of 1, 3 and 5 mm, they found
respective air mole fractions of 0.2, 0.25, and 0.4 at the edge
(6 mm radial distance) of the jet, compared with measured
(simulated) values of 0.00002 (0.007), 0.002 (0.03), and 0.02
(0.09) at these respective positions in the present study (see
figures 7(b) and 8(b)). Since the study of van Gessel et al was
of an Ar plasma at lower power (3.5 W) and hence lower gas
temperature (382 K), one would expect slower diffusion and
lower air levels diffusing into the plasma from the surrounding
ambient.

The disagreement among the experimental and modeling
studies summarized here is likely due to differences in plasma
operation, especially power densities.

4. Summary and conclusions

The radial mole fraction profiles of air species diffusing into a
radio frequency, APPJ, with 2 slm helium flow were determ-
ined by means of optical emission spectroscopy. The probed
emissions were transformed into radial emission profiles by
Abel inversion, then converted into mole fraction profiles via
self-actinometry, using results from a set of calibrations. Self-
actinometry involves adding a trace amount of the species of
interest (Ar, O2, or N2) to the feed gas flow and observing
the respective relative change in Ar, O2, and N2 emission
intensity. Proper corrections due to quenching of the excited
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states by added trace gases were applied. Experimental res-
ults showed that the air mole fraction increased along the
axis of the He jet from essentially zero at 1 mm, to 10−3

at 3 mm, to 10−2 at 5 mm axial distance from the nozzle.
Radial species distributions started out center-low at 1 mm,
but became mostly flat at 5 mm from the nozzle. Further, it
was found that the Ar, O2, and N2 mole fractions matched the
air composition at 3 mm and 5 mm from the nozzle, account-
ing for experimental error. Experimental data were compared
to the predictions of a simulation combining a neutral fluid
flow, heat and mass transport model, with a plasma dynamics
model. Overall, the simulation captured the main features of
the species concentrations and their profiles. It was concluded
that this self-actinometry method can provide accurate abso-
lute number density of plasma species, even at atmospheric
pressure.

The addition of 4.5 slm N2 shielding gas flowing co-axially
and engulfing the He jet, reduced ambient air diffusion by 2–4
times. The shielding gas effectiveness in this study was lower
than previously reported [10, 59] (up to more than 10 times
reduction in air diffusion). This was attributed to the high oper-
ating power (nominal power of 40 W) of the plasma source in
this work, leading to higher gas temperature (∼900 K), com-
pared to the lower power (3.5 W) and lower gas temperat-
ure (320 K) of the kINPen plasma source used in the other
studies [58].
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Appendix

Measured on-axis He emission intensities at axial distances
of 1 mm and 5 mm from the nozzle were compared with the
model predictions [57]. He emission intensities computedwith
no additional N2, and with an addition of 0.0002 mole fraction
are given by the lines in figure A1. At 1 mm and 5 mm from
the nozzle, the N2 mole fractions from in-diffusing air were
computed to be 9.3 × 10−6 and 0.026. The measurements in
figure 3 at axial distances of 1 mm and 5 mm are reproduced
in figure A1. At both axial distances the model agrees well
with the experimental measurements in that there is only a
small change in He emission intensity induced by the addition
of a small amount of N2. This further justifies the application
of the self-actinometry method to obtain quantitative number
densities from optical emission under the extreme conditions
in atmospheric pressure plasmas.

Figure A1. Model predictions (solid lines) of on-axis He emission
intensity (706 nm) at 1 mm and 5 mm axial distance from the nozzle,
as a function of N2 addition to the He feed gas flow. At 1 mm and
5 mm from the nozzle, the N2 mole fractions from in-diffusing air
were computed to be 9.3 × 10−6 and 0.026 with zero mole fraction
added N2. The points are the experimental measurements in figure 4.
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