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Nitrogen metastable (N2(A3%1)) in a cold argon atmospheric pressure
plasma jet: shielding and gas composition
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N (A3XF) metastable species are detected and measured in a non-equilibrium atmospheric pressure plasma
jet by laser induced fluorescence (LIF). A shielding device is used to change the ambient conditions
additionally to the feeding gas composition. Varying the amount of No and air admixed to the feeding gas
as well as changing the shielding gas from Ny to air reveals that the highest No(A®Y}) is achieved in the
case of air admixtures in spite of the enhanced collisional quenching due the presence of Os. The reasons for

these observations are discussed in detail.
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medicine.

The interest in cold atmospheric pressure plasma jets
(APP jets) has been growing continuously over the last
decade, particularly in view of therapeutic applications'.
APP jets are often obtained by noble gases —mostly he-
lium (He), argon (Ar)- flowing through a capillary tube.
This yields a low temperature reactive plasma plume ex-
panding into the surrounding air?. Recent publications
reporting the interaction of APP jets with biological tis-
sues® evidence the real potential of such plasma sources
to trigger beneficial biological responses. The impact of
plasma on cells has been largely attributed to the pres-
ence of reactive oxygen and nitrogen species® (RONS)
resulting from the non-equilibrium plasma chemistry re-
acting with ambient humid air®. Among these RONS,
nitric-oxide (NO) is of significant importance due to its
high reactivity and key role in biological pathways. NO
plays a key role in cell signaling and vascularization®.
The production of such RONS by cold Ar APP jets re-
sults from a complex non-equilibrium chemistry involv-
ing several reaction pathways®. Van Gaens et al.”® have
identified that NO production is not governed by the
Zel’dovich reactions —as it is the case at elevated gas
temperatures for combustion conditions— but rather via
electronically excited Ny(A3X[) —~metastable state— re-
acting with atomic oxygen (O). As Na(A%%L}) is a pre-
cursor species for the production of NO7, the obtained
results in this manuscript are valuable to gain a better
understanding of the NO production in cold plasma jets.

Several groups have already studied atomic He? ! and
Ar? metastables in APP jets. With a strong focus on He-
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05 and Ar-O, mixtures, these metastables are important
precursors for RONS formation. However metastable
molecules including the Ny(A3XF) have not been inves-
tigated in cold APP jets.

Investigations of No(A3X ) in atmospheric pressure dis-
charges have been performed in corona'?, streamer'® and
dielectric barrier discharge (DBD). The direct quanti-
tative measurement of Ny(A3XT) remains challenging.
Several approaches are reported in literature involving
different diagnostic techniques such as optical emission
spectroscopy15 (OES), cavity ring-down Spectroscopy16
(CRDS) and laser-induced fluorescence!*7 (LIF). Com-
mon challenges for those diagnostics are the absolute cal-
ibration and the often weak fluorescence or absorption
signals. Optical-optical double resonance LIF (OODR-
LIF) was introduced by Dilecce et al.'? to enhance the
weak fluorescence signal but is a complex technique to
implement.

In this letter, we report on the detection and measure-
ment of the relative density of No(A%%F) in the plasma
plume of a radio-frequency driven Ar APP jet with a
coaxial geometry: the kinpen'®. The plasma dissipates a
power ranging between 0.8 W to 2.2 W and the gas tem-
perature is less than 500 K'°. The source is operated at
the flow rate of 1.0 standard liter per minute (slm). The
feeding gas is Ar with small admixtures (up to 1%) of
Ny and air. The 1.0slm flow rate is chosen to ensure
a laminar gas flow?? and to prevent excessive mixing of
the effluent gas containing RONS with the surrounding
gas'®. Additionally, a custom-made nozzle covers the de-
vice head and generates —via an external gas flow— a gas
shielding enveloping the plasma plume?"?2. This con-
trols the gas species surrounding and diffusing into the
plasma effluent.
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Figure 1. Schematic of the experimental setup used for the
measurement of No(A*SY) in a cold Ar APP jet with shield-
ing gas.

In this work, LIF is used for its good spatial and temporal
resolution. A scheme of the experimental setup is shown
in figure 1. A dye laser (Sirah Lasertechnik, Cobra-
Stretch) with pyridine 1 is pumped by a frequency dou-
bled Nd:YAG laser (Spectra-Physics, Quanta-Ray Pro-
230). The laser has a pulse a duration of ~11.9ns
(FWHM) and operates at 10 Hz. The dye laser is tuned
to 687.44nm (with a linewidth of AXA=2.2pm FWHM)
to pump the lower rotational levels (J < 4) of the
Py; and Q2 branch from the transition No(B?*Il,,v =
3) « Na(A3X v = 0)!%. The laser beam is cropped
with an iris to produce a 2.0 mm diameter spot to probe
a plasma plume volume 2.0mm away from the capil-
lary exit if not stated otherwise. The laser irradiance
(I1) is (60.0 £1.6) mJ/cm?. We have checked that the
LIF intensity scales linearly with the laser energy at
this irradiance. The LIF signal (Spip) of the tran-
sition No(B3Il,,v = 3) — Na(A3%f,v = 1) is im-
aged with a lens on the slit of a monochromator (An-
dor Technology ltd., Shamrock 750, 1200 grooves ruled
grating Blazed at 500nm) fine-tuned on 762nm. The
later is also equipped with a bandpass filter (cw:760 nm,
FWHM:10nm) to block the stray light. The detection
range of this system is 9.1 nm allowing to record the en-
tire vibrational band. The signal is recorded by a multi-
channel plate photo multiplier (MCP-PMT, Hamamatsu,
R5916U-51) read out by an oscilloscope (Tektronix, DPO
70000, 8 GHz bandwidth).

The LIF technique is applied in this work under the fol-
lowing assumptions:

e The laser energy is low enough to excite a small
fraction of Ny(A3YF, v = 0) so that its popula-
tion is considered constant and the population of
the excited state is much smaller than the ground
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Figure 2. Time resolved LIF signal and Rayleigh signal in
air as recorded by the MCP-PMT. The fluorescence curve
of N2(B?Il,) is calculated from the fit of the LIF signal by
a convolution of the laser pulse with an exponential decay
(r=11.4ns). The data is recorded for Ar + 1.0% air and Nj
as a shielding gas.

state. Thus, the effect of stimulated emission can
be neglected.

e The emission coefficients and quenching rates are
assumed to be identical for all rotational states of
N5 (B3I, v = 3) and the rotational energy transfer
is fast compared with the fluorescence time scale.

e Both rotational levels of the ground state and the
metastable state No(A*YF) are in equilibrium with
the gas temperature and can be described with a
Boltzmann distribution.

This formalism was also used by van Gessel et. al. for the
diagnostic of NO under similar conditions??. The density
of Np(A3%F), TN, (A), 1S in this case proportional to the
ratio of the fluorescence intensity and is the effective flu-
orescence lifetime,

SLIF (1)

MINa(4) Iy’

where 7 = (Ap + Q)" the fluorescence lifetime. Ap (in
1/s) is the spontaneous emission rate of the v = 3 level
(2.30 x 105/8)** and @ = Y, ¢; - n; (1/s) the quenching
rate with ¢; (cm?3/s) the quenching rate coefficient and
n; (1/cm3) the density of the quencher 4.

Figure 2 presents a typical time evolution of the fluo-
rescence signal recorded by the MCP-PMT after an av-
eraged acquisition of 10* shots. Compared with the laser
excitation pulse Iy (t) , the signal has a clear asymmet-
ric evolution and results from the convolution of Iy, (%)
with an exponential decay. Since the jitter of the laser
is less than 0.5 ns, the time instrument response function
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Table 1. Measured values of 7 and @

for different combinations of feeding gas admixtures and
shielding gas.

Admix. Shield. 7 /107 %s Q/107/s
N N 19.7 £ 1.5 51+ 0.4
N air 8.6 £ 0.6 11.6 £ 0.8
air No 10.8 + 1.9 94 + 1.6
air air 6.1 £ 0.9 16.4 + 2.4
N, air 8.5 + 0.6 11.7 £ 0.8

2 Value obtained at 5.0 mm from the capillary.

Table II. Quenching rate coefficients (¢;) of N2(A*SE) and
N2 (B®T,) for different gases.

Quencher Rate / 10~ ecm?/s
N2 (A®SF) ref| No (B%,)  ref.
Ar+ 0.3% No - >1 z
Ny 10~9 26 34 0.2 27,28
02 0.50 + 0.03  2° 20 + 0.5 2
No(A3%T) 19405 2 -
NO 8.0+ 1.5 29 -
0] 3.1+05 30 -

of our MCP-PMT is 85 ps and the time constant of the
measuring circuit with 50 € load is 1.3 ns, one can safely
assume that both signals presented in figure 2 are not
significantly altered by the detection system. A numer-
ical convolution between I (t) and an exponential func-
tion, Aprp - exp (%t), is computed and optimized with a
Levenberg-Marquardt algorithm to obtain the best fit of
the recorded signal. The amplitude, Ap;r and the decay
time 7 are the fitting parameters. An example is shown
in figure 2. Spip = Aprp - 7 is the integration of the flu-
orescence signal. This provides the necessary input for
equation 1 to calculate ny,4)-

We measured No(A3Y]) relative densities using both
Ny and air as admixture and shielding gas. Table I in-
troduces the measured values of the fluorescence decay
time and the deduced quenching rate (coefficient) for dif-
ferent gas admixture/gas shielding parameter sets. The
case with Ny admixtures and N, shielding has a longer
radiative lifetime of the No(B3II,) state, while an ad-
mixture of air in the plasma plume, or air gas shielding
reduces the fluorescence lifetime by a factor 3. This is ex-
plained by the Os fraction in the buffer gas. Os quenches
the No(B3I1,) state much more effectively compared with
N, and Ar. Table II reports quenching rate coeflicients
of the Ny (B?Il,) state for the main gases used in this
work. In the cases where air and Ny are simultaneously
used as admixture and/or shielding gas, quenching rates
are similar. The influence of the gas temperature on the
quenching rate is estimated to be about 15% between
positions 1.5 mm and 5.0 mm due to a temperature dif-
ference of ~50 K.

Relative densities of No(A3%}) as a function of air or
N, admixture are presented in figure 3 for air and Ng
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Figure 3. N> (ABEj) relative densities versus feeding gas ad-
mixture fractions for different types of gas shielding. The
measurements are space averaged over the section of the
plasma plume (2mm) and time averaged over 10* laser shots.

shielding. ny,(4) can vary by a factor 7 depending on
the type of admixture ranging from 0% to 1% and the
air or Ny shielding gas diffusing in the plasma plume.
As a result, an increase of molecular gas fraction up to
1.0 % induces a decrease in metastable density exceeding
a factor 2.5 for all conditions. It is not excluded that
the molecular admixtures affect the deposited power in
the plasma. This may result in a density drop such as
observed between 0.6 % and 0.8 %. This was already ob-
served by Verreycken et. al®' in the case of OH produc-
tion. Densities obtained by chemical kinetics model of
this discharge® follow the same trend and are in good
agreement with the case of Ny admixtures and air shield-
ing presented in figure 3. Variations of ny,4) without
admixture of air or Ny result from the fact that exper-
imentally, pure Ar conditions are challenging to achieve
due to inherent impurities in the feeding gas. Interest-
ingly, a significant increase of ny,4) is observed when
the plasma plume is surrounded by air while no molecu-
lar admixture is supplied. This means that the diffusion
of air into the plasma plume influences the plasma chem-
istry enhancing the generation of No(A3XF). In addition,
the presence of Os while admixing air was expected to
negatively impact ny,(a) since Oz is an efficient quencher
of No(A3%F) (cf. table II).

Recently, van Gessel et. al?? published an experimental
study of electron properties of an Ar APP jet similar to
the plasma device used in this work. The authors re-
port similar electron temperatures (T.) with admixtures
of No and air in the Ar jet while the electron density
(ne) is higher for the air admixture than Ny admixture
case. As in this discharge the formation mechanism of
N2(A3%F) is mostly driven by direct electron impact®,
a strong correlation between ny,4) and n. is expected.
A similar dependence was notified by the same group>3
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Figure 4. A) Image of the visual plasma emission (exp. time:
0.25s). B) Axial density distribution of NQ(ASEI) and light
emission intensity of the plasma plume for the case of 0.1 %
N2 admixture to the feeding gas and air as the shielding.

with the observation of NO(A) emission resulting from an
excitation of NO(X) by Na(A43LF). The NO(A) emis-
sion intensity gives a relative estimation of ny,4) and
correlates with the measured n, during one modulation
cycle32. Moreover, higher n, in the presence of air may
also compensate the quenching of Ny (A3XF) by O,.
According to figure 3, the nature of the gas shielding has
a larger influence on ny,(4) than the reduction of Oz in
the feed gas while admixing air. Surprisingly, nx,a) is
higher when the plasma plume is surrounded by air with
air admixture (®) than in conditions with air substituted
by N2 (@). One infers from this result that a reduction
of Os in the shielding gas is not conducive to the produc-
tion of No(A3Y}). Schmidt-Bleker et. al. published the
results of a combined theoretical and experimental work
and suggest an explanation for the enhancement of the
discharge intensity in the presence of O in the shielding
gas>*. The presence of electronegative molecules, such as
Os, in the vicinity of the plasma plume is prone to form
anions. Their lower mobility compared with electrons
induces an additional electrostatic focusing mechanism?*
which confines the electric field parallel to the gas flow
and leads to the generation of a more intense discharge.
The case of air used as a feeding gas admixture and as
shielding gas (®) may benefit from the combination of a
higher n, with the contribution of an electrostatic focus-
ing mechanism. This results in the highest production of
Ny (A3XF) for this condition.

Figure 4 shows the axial evolution of ny,4). In view
of the lifetime of Ny(A3X ) which equals approximately
5us (for Ar + 1% air), the No(A4A3S}) is confined to
the active plasma zone. Figure 4 even shows that
the No(A3%}) density is reduced by 2 orders of mag-
nitude within the active plasma effluent. This is in
agreement with prior numerical chemistry kinetic analy-
sis® on Ngp(A43%F) ranging from 10'%/cm3 to 10'2? /cm3.
Van Gessel et. al. found similarly a strong correlation
between the NO(A) emission and the active plasma ef-
fluent.

In conclusion, Ny(A3XF) relative densities have been
measured by LIF in a low temperature Ar APP jet

4

(<500K). The Ny(A3%F) density strongly correlates
with the discharge intensity and is confined to the ac-
tive plasma zone. Interestingly, a reduction of O3 in
the feeding gas and surrounding gas is not prone to the
production of Ny(A3XF). The maximum production is
achieved in the case of air that enhances the discharge
intensity. This is explained by a higher n, and electro-
static focusing mechanism for this condition. No(A3%})
is an important intermediate specie responsible for the
production of NO in many biomedical applications.
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