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Abstract

For the first time, absolute densities of atomic nitrogen in its ground state (N*S)
have been measured in hot dry and humid air plasma columns under
post-discharge regime. The determination of space-resolved absolute densities
leads to obtain the dissociation degrees of molecular nitrogen in the plasma.
The hot plasmas are generated inside an upstream gas-conditioning cell at 600
mbar when the air gas flow is directly injected at 10 slm in a microwave reso-
nant cavity (2.45 GHz, 1 kW) placed in the downstream side. Density mea-
surements based on laser induced fluorescence spectroscopy with two-photon
excitation (TALIF), are more particularly performed along the radial and axial
positions of the plasma column. Calibration of TALIF signals is performed in
situ (ie. in the same gas-conditioning cell but without plasma) using an air
gas mixture containing krypton. Optical emission spectroscopy is considered
to estimate the rotational gas temperature by adding a small amount of H, in
dry air to better detect OH (A-X) spectra. The rotational temperatures in hu-
mid air plasma column (50% of humidity) are larger than those of dry air
plasma column by practically 30% near the nozzle of resonant cavity on the
axis of the plasma column. This is partly due to attachment heating processes
injtiated by water vapor. A maximum of the measured absolute nitrogen den-
sity is also observed near the nozzle which is also larger for humid air plasma
column. The obtained dissociation degrees of molecular nitrogen in both dry
and humid air plasma along the air plasma column are lower than the cases
where only thermodynamic equilibrium is assumed. This is characteristic of
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the absence of chemical and energetic equilibria not yet reached in the air
plasma column dominated by recombination processes.
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TALIF, Atomic Nitrogen Density Measurement, Hot Air Plasma, Optical
Emission Spectroscopy

1. Introduction

This work is devoted to the experimental determination of absolute density of
atomic nitrogen in the background state (N*S) coming from dissociation of
molecular nitrogen of a hot air plasma generated by a microwave at 2.45 GHz
resonant cavity for an input power of 1 kW. Many applications and understanding
of plasma physics are expected from the characterization of the present hot air
plasma. In our case, the experimental characterization to obtain more particularly
the density of atomic nitrogen in such air plasma can be used, when coupled
with previously obtained atomic oxygen densities [1] [2], for validation of a
complex hydro-kinetics model involving transport and plasma chemistry.

As is known, the classical optical emission spectroscopy (OES) can give direct
access only to the radiative excited species not to the ground state species. In fact,
OES allows the determination of absolute densities of the upper level of the
emissive transition after a prior spectrum calibration using a spectral lamp. OES
gives also information on for instance the temperatures of gas, rotation and
vibration species from classical comparison between synthetic and experimental
specific molecular spectra. However, OES cannot directly give any direct
information on the non-emissive states as the density of the atomic ground state
which can exceed the excited species density by several orders of magnitude in
the case of the present microwave plasma.

The alternative to obtain, for instance, the density of atomic nitrogen in the
ground state, due to molecular nitrogen dissociation in the present microwave
hot air plasma, is to use the absorption spectroscopy and more particularly the
laser-induced fluorescence spectroscopy (LIF) that generally allows direct access
to the density of the non-emissive species as atomic ground states and also
metastables. It can be found in for instance [3] and the references given therein,
many details on the laser-induced fluorescence spectroscopy and its advantages
in comparison for instance to standard absorption or Raman spectroscopy.

In the present work, two-photon absorption laser-induced fluorescence (T ALIF)
spectroscopy is used for the estimation of atomic nitrogen density in the ground
state while optical emission spectroscopy is used to estimate the gas temperature
from comparisons between experimental and synthetic OH (A-X) spectra. It is
noteworthy to emphasize in the case of the measurements of atomic nitrogen
density that TALIF spectroscopy has been already used in the framework of a
few literature setups of lower temperature plasmas generated for instance by a
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nitrogen microwave discharge (433 MHz, 300 W) at low pressure and its
afterglow in the presence of the so-called short-lived afterglow [4] or by a flowing
microwave post-discharge sustained by a 2.45 GHz surfatron source in pure
nitrogen at atmospheric pressure [5].

However, TALIF and absorption spectroscopy were not used up to now to
measure atomic nitrogen density in the case of hot air plasma generated by a
microwave resonant cavity. The next Section 2 is devoted to a summary of the
principle of TALIF measurement with the calibration method. This is followed
in Section 3 by the descriptions of the experimental setup used to generate the
hot air plasma from the microwave resonant cavity, the laser setup of TALIF
spectroscopy used to measure the absolute density of nitrogen oxygen and the
optical emission spectroscopy used to measure the gas temperature. The latter is
required for the analysis in Section 4 of the measured N atom densities along the

axial and radial directions of both humid and dry air plasma columns.

2. Principle of TALIF Measurements

TALIF measurements are a two-photon absorption spectroscopic method to
measure the ground state density of an atomic species in a gaseous plasma medium.
Absolute density measurements are based on the comparison of two-photon
absorption spectra with a noble gas whose the two-photon absorption
wavelength is close to the transition of the investigated atomic species. Figure 1
shows the classical TALIF excitation and de-excitation schemes of atomic
nitrogen and krypton. The TALIF measurements are performed by recording
the fluorescence coming from the radiative decay of the excited state (labeled 2)
created by two-proton laser absorption of the atomic ground state (labeled 1).

The two-photon transition probability W (r,t) is proportional to the square

Krypton Atomic nitrogen
2 g 32, 2 1 3p*S,,
A, = 826 nm A, = 742-747 nm Q
% Ay 4 Ay 4
3 m1/2 le 3 le
SS [ / ]1 -d 3S 4P1/2, 3/2,52 - d_
A A

2x7»L=2x204.15 nm 2x7\L=2x206.70nm

1 —

4p® 'S, 2p’ 483/2

1 —}—

Figure 1. Two-photon excitation schemes of krypton and atomic nitrogen.
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of the laser energy flux [6]:

I(r.t) ’
W, (rt)=6? 2/ (1)
12( ) hv

where 1(r,t) isthe laser intensity and 6@ is the generalized excitation cross
section. '? depends on the cross section o'® of the absorbing specie, on
g(v), the normalized line profile of the two-photon excitation (Ig (v)dv=1),
which is the convolution of the laser line profile and the Doppler broadened
absorption line, and on a statistical factor G equal to 2 in the case of a

stochastic multimode laser [7]:
&9 = 0(2)9 (V)G(Z) )

In the case of low laser intensities, the ground state is not depleted, its density
n, remains unchanged and the ionization of the exited state can be neglected.
Therefore, the density of the excited state n, is given by

dn, (r,t)

i = W (rtn (A +Q)n,(r.t) (3

where A, is the fluorescence rate of the excited state, inverse of the natural
lifetime 7, and Q is the effective quenching rate. Assuming a gaussian
temporal profile for the laser pulse where the pulse width At, =2s,/2In2 is
the FWHM, the two-photon excitation rate can be rewritten as a function of the

laser energy pulse £and of the beam waist W, of the laser beam

(2) )2 42
W, (r,t)=2 g(VZ)G L oexp| & (4)
(i) () 28 LS

The excited state radiatively decays and populates an intermediate state
(labeled 3 in Figure 1). A, is the Einstein coefficient for spontaneous emission
of this optical transition.

The number of fluorescence photons per unit time and unit volume is given

G(Z)Q(V)G(Z)Ez 1

(meg )’ (hvy? 4ms,

x[erf [Si—sL AZQQJH}exp[—(AZ +Q)t]

exp{%(Az +Q)Z} 5)

L

The time integrated TALIF signal § results by integrating the number of
fluorescence photons over the two-photon transition and the probed volume,

including experimental system factors
AQ t=+o0
S :TnTnJVIvj:_wAZ3n2(rlt)dvd‘/dt (6)

AQ is the solid angle of detection, T'is the transmission of the optical system
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of detection and 7 is the efficiency of the photomultiplier at the fluorescence

wavelength. The density of the excited state n, in a small volume of detection

Ass
A+Q

and integrating over the time and over the detection volume V, the expression of

is assumed to be homogeneous. Introducing the branching ratio a, =

the TALIF signal can be written as
AQTn oYGPE? Vv

A (g ) ()" 2,

(7)

The TALIF signal S, measured by integrating the two-photon excitation
spectrum over all the resonance line and over time, exhibits quadratic laser
energy dependence. S strongly depends on the branching ratio a, which
decreases with the quenching rate Q of the excited state. The collisional
quenching rate is given by

Q=2 ky(T)n, (8)
q

ky(T) is the quenching coefficient of the colliding species g of density n, .
The quenching coefficient depends on temperature 7 of the detection volume
which is often assumed in the literature equal to the room temperature T . The
collisional cross section usually exhibits a weak temperature dependence [8],
according to the ideal gas law and for a thermal velocity distribution, k, (T

can be written as

Ky (T) =Ky (Tt ) Tl 9)

ref

The TALIF calibration method is based on the comparison of TALIF signals
obtained respectively with the atomic species to be quantified and with a noble
gas of known density. Xenon is generally used for atomic oxygen density
measurements and krypton is suitable for calibration of atomic nitrogen
densities. Assuming the same experimental optical conditions of fluorescence
detection and the same laser beam geometries and pulse widths, the atomic
density n, of the specie X is obtained from the density n; of the reference

gas R according to Equation (7):

_, 8(X) & (R) T(R(R) o (R) [gv_sz

S R) 3 () T(X)n(X) 0@ (X) | Ey ve

(10)

This expression remains valid at high pressure if the lifetime of the laser-excited
state is lower than the laser pulse width. To minimize uncertainties, the
calibration method requires similar excitation conditions for R and X. The
excitation and fluorescence wavelengths have to be close and the optical system
of detection needs to remain unchanged. For low pressure plasmas, Q < A,,

the calibration method requires the knowledge of the optical branching ratio

A

a,, =——— of the fluorescence transition. The radiative lifetime 7, of the
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laser excited atomic level is related to the sum of transition probabilities to all

1
ZiAZi

coefficients are not well defined, the calibration method cannot be applied with a

levels lower in energy: 7, =

. For high pressure plasmas, if the quenching

good accuracy. Therefore the absolute branching ratio a, can be experimentally
determined by comparing the energy normalized TALIF signal at low and high
pressure respectively S

[9]:

ow and S, measured in the same optical conditions

B L Do (11)
3y 1+7,Q nygS

low

3. Experimental Setup

3.1. Plasma Source

We experimentally analyzed an air plasma generated by a microwave resonant
cavity. The 2.45 GHz microwave power supply (magnetron source, SAIREM)
can provide power up to 3 kW. The microwaves are guided to the resonant
cavity via a waveguide system (WR-340) closed by an adjustable short circuit.
The matching was adjusted to maintain the reflected power below 2% of the
incident microwave power. The total gas flux of 10 slm at a total pressure of 600
mbar was injected inside the microwave cavity and the plasma expanded in the
direction of the upstream side towards a gas-conditioning cell where the analysis
of the post discharge regime was performed. The power delivered to the plasma
was set to 1 kW. Synthetic dry air flow (80% N,, 20% O,) was monitored by a
mass flow controller and the total pressure was controlled by a capacitive
pressure gauge and a throttle valve located between the cell and the vacuum
pump. A small amount of H, with a flow of 200 sscm could be injected to
increase the intensity of OH (A-X) spectrum used to estimate gas temperature. A
small amount of water vapor (18.5 g/h corresponding to 50% of humidity) can
also be added to the main gas flow to study plasma generated in humid air.
Figure 2 displays a view of the of the air plasma column ejected from the resonant
cavity (not visible because placed in the downstream part) through the nozzle (at
z=0mm) inside the gas-conditioning cell kept at 600 mbar for the present
experiment.

The whole plasma reactor (MW resonant cavity and gas-conditioning cell)
were mounted on a (7 2) plateau allowing a milimetric vertical (z axis) and
horizontal (raxis) translations of the plasma cell without moving the laser beam
and the optics. Such a translation setup enables to perform TALIF and OES
spectroscopies along the axial and the radial directions of the air plasma column
in order to determine the spatial cartography of N(*S) density and gas temperature.
The plasma cell is equipped of two 70 mm diameter quartz viewports
perpendicularly to the laser beam and of two 40 mm diameter quartz viewports
along the laser beam. The view ports dimensions limits the TALIF measuring

range along the plasma column.
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Top of window DN 63
and flow gas output

Nozzle of MW
resonant cavity

Figure 2. Picture of the air plasma column inside the gas-conditioning cell and generated
by the microwave resonant cavity placed in the downstream side below the nozzle. The
air plasma column diameter is 15 mm at the bottom of the column and the diameter of
the window is 60 mm.

Attenuator
Nd: YAG laser Dye LASER SHG THG PFEEN N Prism MgF,
SHG 532 nm 600-630 nm 250 195 7 N [N AN

< Mgk, lens

Delay Constant fraction Fast Interference ~ Lens Plasma

line discriminator amplifier filter (75 mm) I_— _l

| | _ |_| HPMT | | il s Discharge cell

Aperture

Energy meter

SR430
Multi-Channel Scaler

DG 645
Delay Generator Computer

Figure 3. Schematic view of the TALIF experimental setup.

3.2. TALIF Setup

A general scheme of the TALIF setup is displayed in Figure 3. A tunable dye
laser (Sirah Strech-Cobra) pumped by a the second harmonic of a Nd:YAG laser
(Quanta-Ray CGR-150) was operated in the red spectral range, from 591 to 636
nm. The dye is a mixture of rhodamine B and rhodamine 101 dissolved in
ethanol. The output beam is first frequency doubled by a temperature stabilized
BBO crystal and the resulting UV beam is frequency mixed with the residual dye

laser beam in a second temperature stabilized BBO crystal. A set of 4 dichroic
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mirrors selects the UV radiations of the laser beam. The UV laser radiations are
located in the UV-C wavelength range, from 202 to 212 nm. The spectral line-width
of the UV vertically polarized laser beam is specified to be 3 pm, the pulsed
length is 7 ns with a 30 Hz repetition rate. The UV laser pulse energy is
measured with an energy meter (Ophir Nova II) equipped with a pyroelectric
energy sensor. The laser energy of the output beam is controlled by a motorized
variable laser attenuator (Standa 10 MVAA) having an extremely low output
beam deviation and a wide spectral range emission flux variation. The UV laser
pulse energy was typically lower than 50 pJ per pulse to avoid saturation effects.
The fluctuation of the laser pulses obeys to a gaussian statistical distribution. The
energy-meter is connected th the computer ti meausre te mean and the dispersion
of the laser pulses energies during the TALIF measurements.

The UV laser beam is focused by a MgF, lens having a 200 mm focal length.
The diameter of the focused spot is about 20 pm and the depth of focus is about
12 mm. The position of the laser spot can be adjusted from z=15mm to
z=50mm from the nozzle. The size of the of the viewport prevented
measurements at shorter distances from the nozzle.

The fluorescence light, emitted by a small volume centered at the focused spot
is collected perpendicularly to the laser beam and focused by a BK7 lens with a
focal length of 75 mm onto the photocathode of a photomultiplier (PMT
Hamamatsu H7421-50) equipped with interference filters (bandwidth 10 nm)
and an aperture slot to minimize the detection volume. The photomultiplier is
operating in photon counting mode requiring a second diaphragm placed in
front of the lens in order to reduce the fluorescence flux. Taking into account the
parameters of the fluorescence detection optical system and of the focused laser
beam, the detection volume can be assumed as a cylinder of 20 pm diameter and
200 pm length with an horizontal axis is coincident with that of the laser beam.
The size of this detection volume corresponds to the spatial resolution of the
TALIF measurements (200 pm along the radial axis and 20 pm along the z axis).
Time-resolved photon counting is performed by a multichannel scaler Stanford
Research SR 430 triggered by a fast photodiode with a time resolution of 5 ns.
The laser and the multichannel scaler were triggered by a digital delay-pulse
generator (Standford Research DG 645). Measurements are performed by
scanning the laser wavelength and accumulating the time-resolved histogram of
counts over 600 laser shots.

Figure 4 shows an example of an acquired N-TALIF measurement.

The experimental TALIF signal S is obtained by integrating over time and
excitation wavelength the fluorescence photons detected. For this purpose, the
time-integrated counts were fit with a Gaussian profile. The normalized TALIF
signal S is calculated by dividing Sby the mean of the squared energy pulse.

The evaluations and expressions of measurement uncertainty estimations
were consistent with the broad principles of the GUM [GUM:1995]. All major

uncertainties sources were identified. The relevant uncertainty sources associated
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Figure 4. Time and wavelength resolved N-TALIF signal. The detection volume is located
at the center of the plasma (r=0mm and at Z=15mmM from the nozzle of the
microwave resonant cavity. Dry air flow @,, =10sIm, microwave power B, =1kW,

operating pressure [ =600 mbar .
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Figure 5. Cause and effect diagram for normalized TALIF signal estimation.

with the output quantity S* are shown in the cause and effect diagram of the
Figure 5.

The uncertainty component of the laser energy was obtained by a type B
evaluation based on the technical specifications of the energy meter and of the

sensor (calibration, linearity, reading, and inaccuracy due to errors in the
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wavelength sensitivity curve):

u(E?)

= \/(Z[UZ (calibration)) +u? (wavelength ) +u? (reading ) + u? (Iinearity)])

(12)

Typically, the relative uncertainty of the mean of the squared energy pulse is
6.7%. The uncertainty of the TALIF signal § is rather complex to quantify
because some of the uncertainty components are correlated and also because the
model that gives the TALIF Signal S as a function of all the input parameters is
not linear. It is quite difficult to provide the partial derivatives of the model, as
needed by the law of propagation of uncertainty. For example the repeatability
of the numerical fit method depends on the number of the fluorescence photons
detected and on background level. The number of counts recorded is correlated
to the number of laser shots. So a statistical analysis (type A evaluation) was
performed to evaluate the uncertainty of the single measurement of the TALIF
signal. Uncertainty of the TALIF signal was estimated by a Monte-Carlo method.
The probability distribution function of the laser-pulse energies was assumed to
be Gaussian. For a typical laser energy of 50 pJ, the fluctuation of pulse-to-pulse
energies measured are characterized by a standard deviation around 10% of the
laser energy. The fluorescence flux detected remains rather weak (lower than 1
photon per laser pulse), therefore the probability of detection of a number of
photons is assumed to obey to a Poissons law. The TALIF signal standard
uncertainty is obtained by the determination of the standard deviation of the
probability density function of the TALIF signal estimations obtained by series
of 10* Monte Carlo simulated two-photon excitation spectra. As expected, the
number of fluorescence photon detected per laser pulse is the major contribution

of all the uncertainty sources. Figure 6 shows the evolution of the combined

u(s)
s

relative standard uncertainty of the normalized TALIF-Signal as a

function of the number of recorded counts. Then, the combined standard
uncertainty of the measured normalized TALIF signal S~ derives from energy

and TALIF signal uncertainties:

u(s)]_ {u(S)}: o(e)]

= 13
S £? (13)

S

This uncertainty estimation of the normalized TALIF signal does not take into
account variations of the laser beam parameters that define the detection volume
or possible modifications of the geometry of the optical detection system. These
variations may be caused by temperature changes, vibrations or degraded laser
dye performance and may occur in the case of long time experiments. In this case,
repeatability conditions are no longer fulfilled and reproducibility of TALIF
measurements is affected. To improve the reproducibility, TALIF measurements

using the same krypton air mixture are repeated on different days. If the results
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Figure 6. Estimation of the relative TALIF signal uncertainty as a function of the TALIF
signal. N-TALIF and Kr-TALIF signal relative uncertainties remain lower than 10% for
TALIF-signals more than 2.0x107*counts-nm-pulse™. The estimated values of the

relative TALIF uncertainty are fitted with a three parameters hyperbola. The value of the
horizontal asymptote is 1.8%.

differ up to two times the standard uncertainty u(S*), a new calibration is

achieved.

3.3. Optical Emission Spectroscopy Setup

OES is used to estimate gas temperature along the axial and radial directions of
the air plasma column generated by the MW resonant cavity and launched
inside the gas-conditioning cell. We used a spectrophotometer with 0.75 m of
focal length (Acton Spectra SP 2750, in the Czerny Turner configuration) covering
a spectral range lying between 200 nm and 920 nm. The detecting device set at the
exit of this spectrophotometer is a CCD camera (PIXIS 100, 1340x100 imaging
array of 20umx20pm pixels). The plasma spectra are collected through an
optical fiber (UV-silicon LG-455-020-3) placed at the spectrometer entrance slit
(having 100 pm wide) and connected, on the plasma side, to an optical system
(composed by 2x magnification lens) aimed to target a small plasma volume.
The optical system is mounted on a sliding stand which is able to move radially
and axially in order to scan the plasma column with a spatial resolution of 1 mm.
Spectra collections are performed using a 2400 grooves/mm grating in the UV
range and a 1800 grooves/mm grating in the visible range. An optical high pass
filter is used for the visible range in order to prevent any perturbation of the
visible range spectra due to the unwanted grating second order of diffraction of
the UV light.

Gas temperature is determined from the best fit between measured and

DOI: 10.4236/jasmi.2017.74008

103 Journal of Analytical Sciences, Methods and Instrumentation


https://doi.org/10.4236/jasmi.2017.74008

F. Marchal et al.

calculated OH (A’Z*,v=0—> X2H3/2,V' =0) molecular band since the rotation
temperature is equivalent to the gas temperature. This is correct when the
assumption of a quasi-instantaneous equilibrium between the rotation and the
translation temperatures is fulfilled. The calculated or synthetic spectra are
determined using Lifbase software [10]. A small amount of H, was added in
order to improve the sensitivity of the temperature measurements in the case of
dry air. In other words, introducing a small percentage of H, in the plasma is an
efficient way to better observe the OH (A-X) spectrum. We have ensured that
this small amount of H, does not induce any effect on the thermal characteristics
of the air plasma by observing the very good superposition of the NO, spectra of
the air plasma column with and without this small amount of H, (data not
shown). The rotational temperature of the OH radical is assumed close to the gas
temperature since the characteristic time of rotation-translation is very short.
The relative uncertainty is estimated by varying the temperature of the simulated
spectrum as long as the peak correlation remains upper than 0.97.

Figure 7 displays the measured OH (A-X) spectrum recorded on the axis of
air plasma column at Z=15mm (corresponding to the TALIF lower position
of nitrogen TALIF measurements). The spectrum calculated for a rotational
temprature of 4100 K gives the best agreement with the experimental one in the
Figure 7. This peak correlation is then measured and, in this example, will

amount to 0.98. The temperature relative uncertainty is estimated at 10%.

120

g | | — Lifbase (T, =4100K)

—— Experimental

80 -

60 -

Intensity (a.u.)

40 -

20 A

L AL

306 307 308 309 310

emission wavelength (nm)
Figure 7. Comparison between experimental spectrum and calculated one for
T,n =4100 K at the position of plasma column: r=0,Z=15mm in the case of
Paw =1kW , p=600mbar , inlet gas composition = Air + 3% H, and Gas flow
=10sIm.
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4. Results
4.1. N-TALIF Signal

For each considered (I,Z) position along the air plasma column, the N-TALIF
signal measurements are performed by scanning the laser wavelength near the
two-photon resonance line of the 2p’ 483/2 - 3p’ 483/2 transition and recording
the fluorescence of the 3p° 453/2 state at 745 nm. For high quenching rates, the
effective life time of the 3p° 483/2 state is smaller than the laser pulse width. A
low gate-time of integration is required to minimize the influence of the continuous
background radiations from the plasma. The radiative decay is integrated over
50 ns after the laser pulse. The line profile is fitted by a Gaussian profile which
corresponds to the convolution of a laser line profile and Doppler broadening
(see Figure 8). The N-TALIF signal S is given by integrating the line profile
over the laser wavelength. The wavelength maximum position may slightly
fluctuate due to variations of the temperature of the laser cavity.

The N-TALIF signal is proportional to the square of the laser pulse energy in
the case of unsaturated excitation regime. Figure 9 shows the fluorescence signal
integrated over the laser wavelength as a function of the laser energy. The energy
variations were obtained by detuning the BBO crystal of the frequency doubled

unit. The N-TALIF remains unsaturated for laser energies up to 50 pJ.

4.2. Temperature Effects

The effective branching ratio a, (N) can be calculated from the room temperature

quenching coefficients and the measured gas temperature determined by fitting

0.10
A E =42ul
0.08 -
v E=16pJ
lﬂ) =
3 0064 o E=54pd
>
o
@
S 004 -
o
(@)
0.02 -
v

0.00

206.660 206.665 206.670 206.675 206.680
Laser wavelength (nm)

Figure 8. Two-photon excitation spectra for the excitation of the N ground state at
different laser pulse energies. The time integrated counts are averaged over 600 laser
pulses. The detection volume is located at the center of the plasma (r=0mm) and at

z=15mm from the nozzle of the microwave resonant cavity. Dry air flow (,, =10sIm,

microwave power P, =1KW , operating pressure p =600 mbar .
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Figure 9. TALIF signals (temporally and spectrally integrated) as a function of laser pulse
energy squared. For N-TALIF, the detection volume is located at the center of the plasma
(r=0mm and at z=15mm of the nozzle of the microwave resonant cavity. Dry air

flow @, =10sIm, microwave power P,, =1kW , working pressure p =600 mbar .
For Kr-TALIF, the detection volume is also localized at (r =0 mm and at z=15mm
in the plasma cell when the plasma is off (dry air flow 0, =10slm with g, =10sccm,
working pressure P =600 mbar ). Kr-TALIF measurements were also achieved in a

vacuum cell for Kr-air mixture ( p,, =0.6 mbar and p,, =600 mbar ).

the experimental spectra recorded in the range from 306 nm to 310 nm with
synthetic spectra calculated using LifBase software [10]. Spectra were recorded
along the axis of the air plasma column (Figure 10) and in the radial direction
for different axial positions.

It is important to underline that the gas temperature in the case of humid air (50%
of humidity) is higher than the case of dry air. For instance, at 600 mbar, the gas
temperature on the axis at the output of the nozzle (ie. r=0mm,z=0mm) is
equal to about 4500 K in dry air plasma and 6400 K in humid air plasma which
corresponds to a rise of about 1900 K in presence of 50% of humidity. In fact in
presence of water vapor, the plasma electronegativity becomes higher thus
increasing the electron losses. In order to compensate such electron losses due to
more particularly attachment processes, the electron energy deposit in the
discharge (which takes place inside the resonant cavity), increases thus
increasing in turn the gas heating. This can be assimilated to the known
attachment heating that increases for instance the critical static electric field by
about 10% in presence of humidity.

The dominant colliders responsible for the quenching of the laser excited N
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Figure 10. Measured gas temperature along the axis of the air plasma column for

synthetic air, dry air and humid air. Dry air flow d,, =10slm, H, flow g, =200sccm,

water flow @, =18.5g/h (50% humidity), microwave power R, =1kW, working
pressure P =600 mbar .

Table 1. Radiative lifetimes and room temperature quenching coefficients of Kr (5p' [3/ 2] 2)
and N (3p 483/2 ) .

Excited state Radiative life time (ns)

+ .
Kr(5p'[3/2],) 30.6+2.1, this work

34.1[11]
26903 [12]
N(3p‘s,,) 29.6 [11]
26£2 [13]
Reagent Quenching coefficient for Kr(5p'[3/ 2]2) atoms (10™°cm®-s™)
Kr 1.46 [11]
0, 6.34 [11]
N, 3.35[11]
Reagent Quenching coefficient for N (Sp 453/2) atoms (10™°cm*-s™)

0, 6.63 [11]
N, 041 [11]

0.67£0.09 [13]

atoms are molecular oxygen and nitrogen. The quenching coefficients are given
in Table 1 at room temperature and calculated using Equation (9) taking into

account the radial and axial variations of temperature. The densities of both
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colliders are related to the gas temperature according the ideal gas law at
constant pressure. In the plasma core, the dissociation degree of molecular
oxygen may be high. The dissociation degree has been already estimated in a
previous work [1] by atomic oxygen TALIF measurements using xenon calibration.
This dissociation degree reaches a value which exceeds 50% in the axis of the
plasma column at Z=15mm from the nozzle (at Z=0mm) in the plasma
column. The determination of the quenching rates is based on the assumption
that the molecular oxygen density is directly correlated to the atomic oxygen
density. This means that excited states of O, are minority species relatively to the
overall molecular oxygen densities. Based on these assumptions, and considering
the plasma temperature and the quenching coefficients, the effective branching
ratios a,(N) were determined at different axial and radial positions (Figure
11 and Figure 12).

4.3. In situ Calibration

The Kr calibration is performed in the gas-conditioning cell in the same
experimental conditions as the N-TALIF measurements but without igniting the
plasma (plasma off). Air mixed with a small known amount of krypton is
introduced in the gas-conditioning cell using the same flow and pressure (10 slm
and 600 mbar). The proportion of krypton (0.1%) was chosen to obtain the same
order of magnitude for N-TALIF and Kr-TALIF signals. In the case of krypton,
the linear regime is achieved when the laser energy is kept below 40 pJ to avoid

50

0.24
45

40 0.18

35
—0.12

z (mm)

30

25 0.06

20

15
-10 -5 0 5 10

r (mm)
Figure 11. Branching ratio a,(N) in dry air. Dry air flow 0, =10sIm, microwave

power P, =1KW , working pressure p =600 mbar .
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Figure 12. Branching ratio a, (N) in humid air. Dry air flow @, =10sIm, water flow

Qy,0 =18.59/h, microwave power R, =1kW , working pressure p =600 mbar .

multlphotonic ionization processes. The laser wavelength, tuned around 204.15 nm,
is used to excite the krypton ground state to the 5p’[3/ 2]2 state by a two-photon
transition. The line profile is fitted by a Gaussian as shown in Figure 13. The
Kr-TALIF signal S, is obtained by integrating the line profile over the laser
wavelength.

Further Kr-TALIF measurements are achieved in a vacuum cell to relate the
TALIF signals and to measure the effective branching ratio a, tacking into
account the air and the krypton quenching. Before being filled with pure
krypton or a mixture of synthetic air and krypton, the cell was pumped down to
5x10 " mbar with a turbomolecular pump. Two capacitive pressure meters are
used, one with a full range of 10 Torr for low pressure conditions and one with a
full range of 1000 Torr for high pressure conditions. This experimental set-up
has been fully described in a previous work [14].

Firstly, measurements are performed in pure krypton at very low pressure
when the self quenching of krypton can be neglected. This condition is fulfilled
when the krypton pressure is kept below 0.1 mbar. For this pressure condition,
the temporal decay of the excited state at 826.3 nm is exponential (Figure 14)
and the measured decay rate is the inverse of the natural lifetime of the Kr
5p'[3/2], state: 7, (Kr)=34.1+1.2ns. This value is in agreement with what
was measured by Niemi ef al [11]. For krypton pressures above 0.1 mbar, the
fluorescence decay cannot be fitted by one exponential term. This is due to the
emission line of the Kr 5p’[1/2] at 828.1 nm and the emission of the Kr
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Figure 13. Two-photon excitation spectra for the excitation of the Kr ground state at
different laser pulse energies. The time integrated counts are averaged over 600 laser

pulses. The detection volume is located at the center of the plasma cell (I =0 mm) and at
z=20mm. Plasma is off. Dry air flow 0, =10slm with q,, =10sccm, working
pressure P =600 mbar .
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Figure 14. Fluorescence decay of the Kr 5p'[3/ 2]2 state recorded in the vacuum cell.

5p[3/2], state at 829.8 nm which are also transmitted through the interferential
filter. The Kr 5p’[1/2] energy level is close to the energy level of the laser
pumped state and is probably populated by collisional transfer process starting
from the excited state. The observed 5p[3/2] population has been already
observed by Chang et al [12] following a selective excitation of Kr 5p[3/2],

state in krypton argon mixtures. For Kr-TALIF signals measurements, we make
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sure that the the population of theses states by quenching can be neglected by
keeping the krypton pressure below 0.1 mbar.

Secondly, Kr-TALIF measurements are performed in the vacuum cell with the
same air-krypton mixture used in the gas-conditioning cell for calibration
( p=600 mbar with 0.1% amount of krypton). For these conditions, only the
emission at 826.3 nm is detected through the narrow band interferential filter.
The ratio of the Kr-TALIF signals measured in pure krypton at very low pressure
(=0.01 mbar) and in a air-krypton mixture give the effective branding ratio
a, (Kr) required for calibration in the gas-conditioning cell. Taking into account
the pure optical branching ratio given by Piracha et al [15] a,,(Kr)=0.93, the
effective branching ratio used for calibration is a, (Kr) =4.7x10"° . This
experimental value gives a qualitative indication of the quenching rate Q of
the Kr 5p’[3/2], state at 600 mbar in air + 0.1% Kr mixture. This value
Q=6.02x10° s* is relatively close to the one calculated from the quenching
coefficients given by Niemi ef al [11] (Q =5.80x10° s7*).

4.4. Measurements of N (4S) Density in the Microwave Air Plasma
Column

The absolute atomic density of nitrogen background state, calibrated in situ with
krypton, is given by the ratio of the energy-normalized TALIF signals using
Equation (10).

o' (Kr)
o2 (N)
an estimated uncertainty of 50% according Niemi ef al. [11]. The laser excitation
wavelengths are A =206.673nm and A, =204.150nm. The count
sensitivities of the PMT are nearly equal according to the specifications
( T](N) =3.6x10°st-pw, n(Kr) =3.8x10°s-pW™) and the measured

transmissions of the interference filters are T (N)=47% and T (Kr)=89%.

The ratio of the two photon excitation cross sections is =0.67 with

The two dimensional N-TALIF signals are measured as a function of the axial
position with a step interval of 5 mm between 15 mm to 50 mm from the nozzle
while the measurements are done along the radial position of air plasma column
with a step of 1 mm. The resulting maps of the nitrogen density for a dry air flux
and humid air flux are shown in Figure 15 and Figure 16. Reproducibility of the
results over several days is better than 20% and the uncertainty of the absolute
N-density measurements depends obviously first on the accuracy of the cross
% (Kr)

(2)( ) which is close to 50%. For N-densities calculation, the
N

section ratio
o

mapping of the a(N) branching ratio is taken into account. The accuracy of
the absolute density measurement also depends on the accuracy of the branching
ratios. Obviously, the assumptions made about the determination of the
branching ratios necessarily impact the magnitude of density estimation. For
example, if the oxygen dissociation is not taken into account, the N-density near
the nozzle (r =0mm, z=15mm) is about three times higher. It is not excluded
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Figure 15. Atomic nitrogen density (cm™). Dry air flow 0, =10sIm , microwave power

Puw =1KW , working pressure p =600 mbar .
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Figure 16. Atomic nitrogen density (cm™). Dry air flow 0, =10sIm, water flow

Ou,0 =18.59/h, microwave power B, =1KW , working pressure p =600 mbar .

that N-density values are more or less underestimated because the calculations

of the branching ratios a,(N) do not include the quenching of laser excited N

atoms by O atoms or excited species like O, metastable states. Thus, the relative

uncertainties related to the nitrogen density are estimated about 30% without
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tacking into account the contribution of the cross section ratio. The relative

uncertainties taking into account all contributions reach approximately 70%.

Figure 15 and Figure 16 show that the atomic nitrogen density is higher near
the nozzle where the maximum gas temperature is measured: 1.6x10' cm™
for humid air flux (T, =5400K ) and 0.96x10" cm™ for dry air flux
(T, =4100K ). The atomic density decreases slightly along the axis of the
plasma column and more substantially along the radius.

From the knowledge of the previously measured N(*S) density and gas
temperature it is possible to estimate the molecular nitrogen dissociation along
the air plasma column using gas law state. Figure 17 displays the ratio between
N(*S) density and N,(X) background gas along the Z axis where radial position
is equal to zero. It is noteworthy that:

e N,(X) dissociation is more important in the case of humid air (about 5 times
larger) even if it remains low (only 0.55% of dissociation for instance at
position zZ =15mm of the air plasma column);

e N,(X) dissociation decreases for increasing Z position far from the nozzle
due to the progressive gas plasma cooling which automatically leads to an
increase of N,(X) density and in the same time to a decrease of N,(X)
dissociation.

As expected, the measured N(*S) densities are maximal on the axis of the
plasma column in the regions close to the nozzle where the temperature of the
air plasma is higher. The obtained N(*S) density magnitudes are coherent with
regard to temperature and pressure conditions considered in both dry and

humid air. In addition, N(*S) density for instance on the position of axis =0

0.6

0.5 A Day air
: O Humid air

N
H
1

N-density/N,-density (%)
o o
N w
1 1

0.1-

0.0 1 . . . " - = —#—h
15 20 25 30 35 40 45 50 55
z (mm)

Figure 17. Ratio between N(*S) density and N,(X) background gas along the z axis for
r=0mm.
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and z=15mm (nN =3.0x10" Cm’3) is much lower than N(*S) density
calculated under thermodynamic equilibrium for the same temperature and
pressure (nN =9.2x10" cm’s) . This means that the air plasma column behaves
as a post-discharge when ejected from the resonant cavity. In fact, such an air
plasma continually recombines and tries to relax towards its equilibrium state.
The present results clearly show that no equilibrium states can be reached
neither chemically since N(*S) density is different from its thermodynamic

equilibrium value nor energetically.

5. Conclusion

Measurements of absolute density of atomic ground state Nitrogen (N*S) due to
molecular nitrogen dissociation are performed for the first time in the literature
along hot air plasma column. The latter is generated by a microwave resonant
cavity at 2.45 GHz and 1 kW for injected power and 600 mbar for pressure
inside the conditioning gas cell. Calibrated measurements based on TALIF laser
diagnostics are done in both dry and humid air while the needed rotational
temperature is estimated from OH (A-X) spectra measured using OES
spectroscopy. The rotational temperatures in humid air plasma column (50% of
humidity) are larger than those of dry air plasma column by practically 30% near
the nozzle of resonant cavity on the axis of the plasma column. The advantage of
the present work is to have set up specific experimental tool and methodology to
measure the absolute density of atomic nitrogen in the hot air plasma with a
good axial and radial spatial resolution. This allows to obtain the dissociation
degrees of molecular nitrogen in both dry and humid air plasmas along the air
plasma column. These gas dissociations are lower than those obtained when
assuming thermodynamic and chemical equilibrium. This clearly characterizes
the absence of chemical and energetic equilibriums that are not yet reached in

the present air plasma column dominated by recombination processes.
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