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Abstract

A flowing microwave post-discharge source sustained at 2.45 GHz in pure nitrogen has been
investigated by optical emission spectroscopy (OES) and two-photon absorption laser-induced
fluorescence (TALIF) spectroscopy. Variations of the optical emission along the
post-discharge (near, pink and late afterglow) have been studied and the gas temperature has
been determined. TALIF spectroscopy has been used in the late afterglow to determine the
absolute ground-state nitrogen atomic densities using krypton as a reference gas.

Measurements show that the microwave flowing post-discharge is an efficient source of N (*S)
atoms in late afterglow. In our experimental conditions, the maximum N (*S) density is about
2.2 x 10" ¢cm™3 for a pressure of 22 Torr, at 300 K. The decay of N (*S) density as a function
of the time spent in the quartz tube has been modelled and a wall recombination probability y

of (2.1 £0.3) x 10~ is obtained.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Recently, numerous works have been undertaken in order to
characterize flowing post-discharges sustained in pure nitrogen
as well as in N,/Ar mixtures and in N, with small amounts of
0O,, H, and CHy. Indeed, these afterglow discharges generate
highly active species that can be used for a wide variety
of applications, including surface nitriding [1,2], surface
cleaning and treatments [3, 4] as well as sterilization purposes
[5-8]. In this context, the kinetics of active species such as
N, O and H atoms and metastable molecules are important
to understand. Besides, a great number of experimental
studies using microwave flowing post-discharge have been
developed recently in order to simulate atmospheric chemistry,
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in particular in the frame of Titan atmospheric studies [9-12].
Microwave flowing post-discharges have many advantages
mainly related to (i) their generation in different gas mixtures,
(ii) their formation far from microwave discharge source,
through gas flow at low temperature (*300K) and (iii) their
low costs of operation with simple instruments (surfatron and
quartz tube coupled to a microwave generator) in various gas
pressures, flow rates, residence times and microwave discharge
powers. In addition, the dissociation of N, mainly by electrons
within the microwave discharge is easier than its dissociation
by extreme ultraviolet photons (A < 90nm) which implies
windowless experiments.

Several in situ diagnostics can be implemented to
investigate flowing N, microwave post-discharge. Optical
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emission spectroscopy (OES) has proved to be a very powerful
tool largely used to characterize the plasma gas temperature.
Moreover, this technique allows the determination of relative
populations of radiative species. However, it does not give
direct information on some of the relevant plasma and post-
discharge quantities, such as the absolute ground-state nitrogen
density although this parameter is required to understand the
chemistry of the plasma discharge. Usually, this quantity is
obtained by titration in the post-discharge [5, 6]. However, this
method has no spatial resolution and is difficult to achieve at
high gas pressure (above 6 Torr) [6]. Calibration by the titration
method is consequently inappropriate to determine ground
state atomic nitrogen densities in all conditions. Two-photon
absorption laser-induced fluorescence (TALIF) spectroscopy
is an efficient alternative.

TALIF diagnostic has high selectivity and sensitivity.
Detection limits of species in the range of 10''-10'2cm™3
can be achieved [13,14]. In fact, it is a well-established
method to measure atomic concentrations (N, H, O) in different
types of plasma at low pressure [15—17] and at atmospheric
pressure [18-21]. It has also been used in flames [22, 23] and
can provide temporal and three-dimensional spatial resolution
[24] because the interaction volume of the laser beam with
the particles can be well defined. The behaviour of the
species present in the plasma can thus be characterized
such as their velocity distributions and subsequently the gas
kinetics [25,26]. TALIF measurements give the relative
atom nitrogen densities since the cross section of two-photon
excitation is unknown and the solid angle, in which the induced
fluorescence is detected, is difficult to determine. In order
to achieve absolute results, the induced fluorescence yield
was calibrated using noble gas [18,27]. The latter must
have a two-photon resonance spectrally close to the atomic
specie to be quantified. Here we have used krypton which is
well suited for the calibration of ground-state atomic nitrogen
N (2p* *S3/2). To our knowledge, only one paper deals with
in situ measurements of ground-state nitrogen atom density
in flowing post-discharge produced by a 433 MHz microwave
source [26]. Here, we report the investigation of flowing N,
post-discharge sustained by a 2.45 GHz microwave discharge
by OES and TALIF. OES has been used to determine the gas
temperature and to characterize the axial structure of the post-
discharge. TALIF diagnostics has been used to determine the
absolute ground-state nitrogen atom densities in the afterglow.
We used experimental conditions of gas pressure ranging from
1 to 45 Torr, nitrogen gas flow rate between 20 and 500 sccm
and microwave discharge power from 30 to 160 W.

Section 2 introduces the basic principles of TALIF
spectroscopy as well as TALIF calibration by noble gases. The
arrangement of TALIF spectroscopy diagnostic and microwave
post-discharge is detailed in section 3. The OES analysis of N;
flowing post-discharge used to describe the axial structure of
dominant N3 (B2%,, v — X 2%, v") and N, (C3I1, —
B 3l'Ig, Av = —2, Av = —3) emissions along the post-
discharge as well as the axial profile of rotational temperature
is described in section 4. Results concerning measurements of
absolute ground state atomic nitrogen densities in the afterglow
by TALIF are presented and discussed in the same section,
followed by concluding remarks in section 5.

2. TALIF spectroscopy and calibration procedure:
theoretical approaches

The principle of TALIF measurements has been described in
various papers or reviews [13,24-27]. For a simplified three-
level excitation scheme, a specific atom or molecule generally
in its ground-state level |1) is excited by the absorption of
two UV photons inducing a resonant transition between the
fundamental and the first allowed excited electronic level
|2). Tt is followed by fluorescence towards a lower state |3).
Under high laser flux, absorption of a third photon can lead
to ionization of the excited atom which induces a decrease in
the fluorescence. Collisional quenching at higher pressure can
also be responsible for a loss in the fluorescence signal. In the
case of low photon fluxes, the ground-state atomic densities
remain almost the same and the integrated fluorescence signal
(Sx) for specie X can be expressed as [25-27]:

Sy =y @ <2><EX)2
x =nx—nxIxG*oy | — | Gxax, (1)
4 hvy

where ny is the ground-state density of X, /4 is the solid
angle of the detection, ny is the detector’s quantum efficiency
at the fluorescence wavelength, Ty is the transmission of the
interferential filter, G is a photon statistic factor for the
absorption of two photons, the value of which is equal to 2 [27],
o)((z) is the two-photon excitation cross section, (Ex /hvx)2
is the number of photons per pulse which depends on the
laser energy Ey and on the photon energy hvy, Gy is the
detector amplification factor, and ax = Ay /(A + Q) is the
branching ratio of the observed fluorescence transition which
depends on Ay, the transition probability, A, = >, _, Ax,
the total transition probability of the excited level of a radiative
transition 2 — k and Q = ) _ ; k(g) n(q), the quenching rate
that depends on the density n(g) of the collision partners and
k(q) their corresponding quenching rate coefficients.

Some experimental parameters like the solid angle of
emission and the two-photon excitation cross section are
generally unknown so that TALIF studies can only lead to
relative values of the densities. The use of reference gas
source at a known density is therefore necessary to calibrate
the experimental setup. According to expression (1) and by
dividing the intensity (Sx) of X by the intensity (Sg) of a
reference gas R, it is possible to determine the absolute density
of X [25-27]:
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In our case, we use krypton (R = Kr) as a reference gas
for the calibration of nitrogen atoms (figure 1). Excitation
of nitrogen and krypton atoms (transitions N (2p* *S;)5) to
N (3p *S3,2) and Kr (4p® 'Sy) to Kr (5p’ [3/2]») is induced
by the absorption of two UV photon at A = 206.72nm
and 204.20 nm, respectively. Spontaneous emission to lower
electronic levels N (3s 4P1/2,3/2,5/2) and Kr (58’ [1/2];) can
then be observed in the range 742—745 nm and at 826.3 nm,
respectively. The calibration has been performed with a gas
mixture (2%Kr—98%N,) at a total pressure of 269 Torr. Those
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Figure 1. Energy level diagram and electronic transition for
two-photon excitation laser-induced fluorescence of atomic nitrogen
and krypton.

Table 1. Radiative lifetime and quenching coefficients of the excited
state of nitrogen and krypton.

kg (1070 cm?s7!)

Excited state T (ns) (N,, Kr) References
N (3s *P32) 29.6 0.41 [27]

3.16
Kr (5p' [3/2],) 34.1 3.35 [27]

1.46

Table 2. Parameters involved in the N density calibration with
krypton.

Kr N
viem™") 9794597 96750.81
n (%) 7 9.8
T (%) 42.7 40.5
conditions correspond to a krypton density ng, = 1.73 X

10" cm™3 atroom temperature. For the ratio of the two-photon
excitation cross sections, we use the value determined recently
by Niemi et al [27], 0,0 /o, = 0.67. The radiative lifetime
of the excited state () of nitrogen and krypton atoms and their
quenching coefficients are given in table 1. The values of the
other parameters involved in the determination of N (*S) atom
density through krypton calibration are presented in table 2.

3. Experimental details

3.1. Experimental setup of the TALIF Spectroscopy
diagnostic

The experimental setup of the TALIF diagnostic is drawn
schematically in figure 2(a). A pulsed Nd : YAG laser (Quanta-
Ray Pro Series 230-30 by Spectra Physics) at 1064 nm with
a pulse duration of 10ns and a repetition rate of 10Hz is
coupled to a dye laser (Cobra-Stretch Dye Laser by Syrah)

consisting of an oscillator formed by a grating resonator
cavity and a preamplifier. The dye laser operates with a
mixture of RhB/Rh101 in ethanol solution and is pumped
by the second harmonic of the Nd: YAG laser at 532 nm.
Tunable radiations in the range 598636 nm with a maximum
efficiency at 615 nm are generated. The laser energy typically
reaches 150 mJ/pulse at 615 nm. At this wavelength, the laser
resolution is 20 pm. The output frequency is doubled and then
mixed with itself through respectively, a potassium dihydrogen
phosphate (KDP) and a beta barium borate (BBO) crystal.
After the KDP crystal, the polarization of the generated blue
laser beam is rotated in order to coincide with the polarization
of the fundamental red laser beam using a 1/2 wave plate.
After the BBO crystal, a four mirrors system is used to separate
the UV beam from the remaining blue and red radiations which
are blocked. UV photons around 205 nm with a maximum
energy of 5mlJ are obtained. By scanning the dye laser, UV
radiation can be tuned to 206.72 nm and 204.20 nm to excite
the nitrogen and krypton transition, respectively. Because two-
photon excitation cross sections are low, the UV laser beam is
focused at the centre of the post-discharge reactor chamber by
a short focal lens (f = 18 cm): the density of photons passing
through a 1 mm diameter diaphragm is then increased. The
UV energy is monitored behind the reactor by a Joule-meter.

The fluorescence signal is measured perpendicularly to
the incoming laser beam. A plano-convex lens (10cm
focal length, 5cm diameter) images the detection volume
onto the photomultiplier tube (R636-10 Hamamatsu). An
interferential optical filter at 750 with 20nm FWHM is used
to select the induced fluorescence of N (3p 4S3/2) —- N
(3s *P12,3/2,5/2) between 742 and 746 nm. Another filter at
830nm with 20nm FWHM allows to observe the §26.3 nm
emission corresponding to Kr (5p’ [3/2],) — Kr (5§’ [1/2];).
The fluorescence signal is recorded through an oscilloscope
(National Instrument). The acquisition system integrates the
signal on a timescale of 100 ns since the relaxation processes
have time constants of less than 80ns. Scanning the dye
laser close to the excitation wavelength of the nitrogen allows
optimizing the recorded fluorescence intensity.

The experimental linewidth (Ave,) of the TALIF
emission is equal to 0.6cm™'. At low gas pressure, it is the
result of a convolution of a Doppler line profile (Avp) with
the instrumental function of the laser (Avy). Assuming a
Gaussian profile for the UV laser radiation, we have Avgxp =
Av3 +2Av?. Since the Doppler line width of the nitrogen
transition at 96750.81cm~! is Avp = 0.32cm™! at room
temperature, the calculated laser line width Avp is about
0.36cm™.

3.2. Microwave discharge source and flowing post-discharge

The experimental apparatus of the microwave plasma and the
flowing post-discharge is shown schematically in figure 2(b).
The discharge is sustained by a 2.45 GHz surfatron (SAIREM)
and surfa-guide exciters. The microwave is coupled to the
discharge by a coaxial cable through a cavity that surrounds the
quartz tube (8 mm external diameter, 6 mm internal diameter
and 50cm length). It is powered by a microwave generator
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Figure 2. Experimental setup (a) for the TALIF spectroscopy and (b) scheme of microwave post-discharge with the apparatus of the OES.

(SAIREM) with a maximum power output of 300 W. The
maximum reflected power is less than 2 W. An igniter coil
is used to initiate the plasma in the quartz tube. The tube
is connected to the reactor chamber which is a cylinder of
20 cm diameter. The microwave plasma is cooled by an air
gas flow. The chamber is initially pumped down by a turbo-
molecular pump to less than 10~* mbar before allowing the
N, gas flow (high purity 99.9998%). The post-discharge
is flowing vertically at the centre of the vacuum chamber.
The flow rate is controlled and regulated from O to 500 sccm
(standard cm® min~') by an MKS flow meter (type 1179B).
The N, gas pressure measured inside the post-discharge reactor
by means of a Baratron gauge (MKS 722A) is varied between
1 and 45 Torr.

The behaviour of the microwave discharge source in
flowing N, post-discharge is investigated by OES for various
parameters including microwave discharge power, N, gas flow
rate, gas pressure and mean residence time. The analysis
is performed through an optical fibre which is connected
to a Jobin-Yvon HR 1000 spectrometer with a grating of
1800 gmm™~' leading to a maximum resolution of 0.02nm
(figure 2(b)). The light is collected by a Hamamatsu
photomultiplier (R636-10) connected to a chart recorder.

4. Results and discussion

4.1. Characterization of the post-discharge by OES

As shown in figure 2(b), flowing nitrogen microwave post-
discharge can be divided into three regions: (i) the near
afterglow situated close to the surfatron gap, (ii) the short-
lived afterglow usually called the pink afterglow and (iii)
the late afterglow named the Lewis—Rayleigh afterglow. The
appearance and the dimension of each region depend mainly
on the gas pressure, the flow rate, the gas temperature and
the geometry of the discharge tube. In order to characterize
the behaviour of each region, a systematic study by OES has
been carried out along the post-discharge. Figure 3 shows the
optical emission spectrum recorded between 355 and 405 nm
at a resolution of 0.078 nm. The measurements are performed
with a pure N, gas flow of 20sccm and a gas pressure of
1 Torr. The microwave discharge power is 100 W. The optical
fibre is placed perpendicularly to the quartz tube at 0.5 cm
downstream from the surfatron launching gap. The dominant
emission bands belong to the Av = v/ — v = —2 and
Av = —3 sequences of the N (C°I1,, v/ — BT, v")
second positive system as well as the first negative system of
Ni(B LD IS XzEg, v”) with Av =0 and Av = 1.
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Figure 3. Emission spectrum between 355 and 405 nm recorded in
N, flowing microwave post-discharge at 0.5 cm downstream from
the surfatron launching gap. N, gas flow rate = 20 sccm, gas
pressure = 1 Torr, microwave discharge power = 100 W,
resolution = 0.078 nm.
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Figure 4. N, (C *I1, — B?Tl,) emission spectra between 365 and
395 nm recorded along the N, flowing microwave post-discharge
from 0.5 to 5.5 cm downstream from the surfatron launching gap of
microwave discharge. OES measurements are performed for flow
rate = 200 sccm, gas pressure = 16 Torr, discharge power = 100 W,
resolution = 0.078 nm.

In order to identify and to characterize the near, the pink
and the late afterglow regions, series of OES measurements
are obtained for different positions along the post-discharge.
The optical fibre is translated perpendicularly to the quartz
tube between 0.5 and 5.5 cm downstream from the surfatron
launching gap. Figure 4 shows the optical emission spectrum
obtained in the 365-395 nm spectral range in pure N, for a flow
rate of 200 sccm, a gas pressure of 16 Torr and a microwave
discharge power of 100 W. The emission intensities of N, and
N7 bands show strong variations and their axial profiles along
the post-discharge are displayed in figure 5. Those variations
can be expressed as a function of time supposing that the gas
flow is laminar. The residence time #(s) is determined for each
position x(cm) by ¢ = x/V, where V(cms™') is the mean gas
velocity given by V = (Q/n rz)(760/pN2)(Tg/273)(1/60),
where Q (sccm) is the gas flow rate, r (cm) is the radius of the
discharge tube, py, (Torr) is the N, gas pressure and 7, (K) is
the N, gas temperature.
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Figure 5. Axial and temporal profiles of (a) N} (B 2y, —> X 2Eg,
Av = 0), (b) N, (C3I1, —» B’M,, Av=—2)and (c) N,

(Cc*n, - B 3Hg, Av = —3), along the N, flowing microwave
post-discharge (near, pink and late afterglow). See figure 4 for
experimental conditions.

Figure 5 allows the identification of the near, pink and
late afterglow regions. The near afterglow corresponds to the
region where a fast decrease of all emissions is observed. A
minimum of intensity, defining the dark space, is observed
at a distance of around 2 cm in our experimental conditions
(200 sccm and 16 Torr). Assuming a temperature of 300 K,
it corresponds to a residence time of 3.25ms. The pink
afterglow region is characterized by a significant increase in the
emissions relative to the dark region. Strong emissions from
the first negative system, particularly the Av = 0 sequence,
and from the second positive system Av = —2 and Av = -3
sequences are identified. The late afterglow corresponds to
the following decrease in the intensities of the N (B £ >N
V' =0—> X2, v" = 0)as well as N, (C°TI, —> B°I,).
It is observed up to a large distance downstream from the
surfatron launching gap (5.5cm, i.e. 8.9ms in the present
experimental conditions).

In order to determine the gas temperature, we focus our
attention on the investigation of the strong vibrational bands
of N, (C*I1, — B*I1,) corresponding to Av = —2: (0 — 2),
(1—-3),(2—4)and (3 —5) between 365 and 382 nm (figure 6).
The OES measurements are performed at 100 W and the optical
fibre is moved between 0.5 and 3.5 cm downstream from the
surfatron launching gap. In order to improve the signal-to-
noise ratio, new conditions are used: N, flow rate of 20 sccm,
the gas pressure is settled at 1 Torr corresponding to aresidence
time between 0.5 and 3.5 ms.

The rotational temperature 7; of the N, molecule is
determined by comparing the measured and the calculated
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Figure 7. Examples of experimental (lower trace) and calculated
(upper trace shifted upward by 10 a.u. for clarity) rovibrational
bands of N, (C*I1, — B?Il,, Av = —2) sequence for a distance of
0.5 cm. See figure 6 for the experimental conditions.

spectra. Because of their strong intensities, the vibrational
bands of N, (C*I1, — B°Il,, Av = —2) are most suitable
to fit band contours (P, Q and R branches). The rotational
temperature is fitted by a least square method considering
a Boltzmann population. We assume that the rotational
temperature is equivalent to the gas temperature since in
the microwave discharge and at the beginning of the near
afterglow region, the excited species are produced mainly
by the direct electron excitation from the ground state [28].
A typical comparison between the experimental spectra and
its associated synthetic spectra is presented in figure 7. As
can be seen, good agreement is obtained for a temperature
of 745K at 0.5cm. Figure 8 represents the evolution of the
determined temperature along the post-discharge as a function
of the residence time. The rotational temperature drops to
reach a minimum around 300 K at the end of the near afterglow.
This behaviour can be explained by a decrease of the electron
density and the gas thermalization along the discharge tube.

discharge power, W

Figure 9. Measured rotational temperature as a function of the
microwave discharge power. OES measurements were performed in
near afterglow, at 0.5 cm downstream from the surfatron. N, gas
flow rate = 100 sccm, gas pressure = 4 Torr.

The temperature of the gas also depends on the discharge
power as presented in figure 9 for a flow rate of 100sccm
and a gas pressure of 4 Torr at 0.5 cm downstream from the
surfatron launching gap. The microwave discharge power is
varied from 40 to 160 W. For lower powers, vibrational bands
(0—2), (1-3),(2—4) and (3 —5) are not sufficiently intense to
be reliably analysed. We clearly observe that the temperature
increases from ambient temperature up to a plateau as the
power increases. This can be explained by an excess energy
transferred from the electrons to the neutrals leading to an
increase in discharge length as the power increases. A similar
behaviour has been observed by Levaton et al [29] in flowing
nitrogen microwave discharge and by Rousseau ez al [30] in a
microwave discharge operated in argon.

The N, (B3I, v — A3XT}, v”) first positive system
is investigated between 560 and 700 nm. Different N, gas
pressures are used in order to observe the variations of the
emission of the excited species. Figure 10 reports the observed
emissions corresponding to (a) the Av = 4 sequence between



7. Phys. D: Appl. Phys. 42 (2009) 135206

Et Es-sebbar et al

——6Torr

——8Torr
0.1 (a) 8.2 Torr —— 8.8 Torr
] 9.3 Torr —— 11 Torr

= (11,7)

14.5 Torr —— 20 Torr

(12,8)

<. (10,6)
- (9,5)
= 62

(4,0)

(CR))

relative intensity (a.u)

0.01 - i Ly
,’w,’ Mﬁ” ' W.' w ‘M r*-:ir

580

590 600 610

560
wavelength, nm
1 " 1 " 1 " 1 " 1 " 1 " 1
6Torr ——8Torr
=] (b) 8.2 Torr ——8.8Torr
© —_ 9.3 Torr —— 11 Torr
. 2 14.5 Torr —— 20 Torr
2 0.1- < ~ ¥ = §
‘D ] s & 9 =t 0 ~
c & z o * ;.
) = A= <
c z
q_) g 5
2 3
= I f
5 W
2 0.01+ OV
" ‘M ‘v “‘ \ hﬂ A ‘I.
¥ i 1 ," b ) ‘\'i'l W"\ , J
i w Lk
. | | \M‘HI.I‘.J'”‘

620 630 640 650 660 670 680 690 700
wavelength, nm

Figure 10. Measured emission spectra of N, (B *I1,, v'-A*Z!, v"),
(a) for Av = 4 sequence in the 560-620 nm range and (b) for

Av = 3 sequence in the 620-700 nm range; recorded in N, flowing
microwave post-discharge at 5.5 cm downstream from the surfatron
launching gap. N, gas flow rate = 200 sccm, discharge

power = 100 W, resolution = 0.5 nm.

560 and 620nm and (b) the Av = 3 sequence ranging
from 620 to 700nm. OES measurements are performed at
5.5cm downstream from the surfatron launching gap for a
100 W microwave discharge power. The N, gas flow rate
is 200 sccm and the pressure ranges from 6 to 20 Torr. The
pressure has a strong effect on the variation of the first positive
system intensity. The observed intensity is low at 6 Torr
and is a maximum at around 8.8 Torr because we sound,
respectively, the dark space (residence time of 3.3 ms) and
the pink afterglow zone (residence time = 4.9ms). Then
the intensity slowly decreases when the pressure increases
(pn2 > 9.3 Torr) indicating the presence of the late afterglow
(residence time >5.5 ms) (see figure 5).

Kinetic studies of N} (B2X,) and N, (C*I1,) species
along the afterglow were investigated in [31-37]. In plasma
discharge and in very near afterglow, the formation of these
species is attributed mainly to direct electron impacts with
thresholds at about 18.5eV for N3 (B 2y and about 11.1eV
for N (C3I1,). Then, the density and the energy of the
electrons decrease leading to the minimum emission observed
in the region called the dark space (figures 5 and 10). Further
in the post-discharge, we observe a re-increase of the emission
(figures 5 and 10) called the pink afterglow. This behaviour

cannot be explained only by direct electron impact and a
sequence of elementary reactions is involved in the formation
of NI (B 2%,) and N, (C 3T1y) species. The near-resonant V-V
energy exchanges create highly vibrationally excited states of
No(X,v > 38) [31-35]. Collisions between those excited
states and atomic nitrogen produce metastable N, (A3X})
and Ny(a’ IEU’ ) (reactions (R;) and (R»), respectively) [31—
35]. Furthermore, reactions between all excited species lead
to N} (X)) by reaction (R3) and (Ry4) [31-35] and N, (C 31L))
by reaction (Rs), (Rg) and (R7) [35-37]. Finally, collisions
between N3 (X) and N, (X,v > 12) through reaction (Rg) end
in the formation of N3 (B 22;) ) [31-34, 36, 37].

N2 (X, v = 39) + N(*S) — Np(A*T}) + N(*D) (R))
N2 (X, v > 38) +N(*S) — Np(a''2,) + N(*S) (Ry)
N2 (APEN) +Na(@' '2)) — No(X 'SF, v =0)

+N3(X) +e” (R3)
No@ 'Z) +Nao(@' '2) — Np(X'=F, v =0)

+N3(X) +e” (Ry)
No(APE) +No(AS)) — Np(COT,) + No(X'S))  (Rs)
No(X, v > 24) + No(X 'S, v > 24)

— No(C M) +Nao(X) (Rg)
No(APEH +No(X '2, v > 19) - Np(C°10)

+No (X '2)) (R7)
N3 (X) +No(X, v > 12) - N3(B?E)) + No(X). (Rg)

N, (B 3I"Ig) is produced by a three-body recombination
between two N (*S) atoms (reaction (Ry)) and as observed in
figure 10, this is followed by an efficient spontaneous decay
producing the first positive system (reaction (Rjg)).

N(*S) + N(*S) + N, — Np(B’Iy) + N, (Ro)
No(B’Ig) — Ny(A*ZH) + hv. (Rio)

Finally, we observe the decline of the emission of all excited
species in the region called the late afterglow.

4.2. TALIF measurements of absolute ground-state N (*S)
density

Linearity of TALIF measurements requires a two-photon
mechanism. Figure 11 shows the dependence of the integrated
fluorescence signals of (a) N (2p® *S3,2) and (b) Kr (4p°® !Sp)
as a function of the UV energy. For UV energy below 190 uJ
in the case of Kr and 150 uJ for N atoms, the slope of the
linear fit of the log—log plotis 2.2+ 0.1. Therefore, in order to
determine the absolute nitrogen atom density all measurements
for N (*S)-TALIF are performed around 120 uJ calibrated by
Kr (4p° 'Sy) TALIF at 76 uJ.

A TALIF study is carried out to determine the absolute
ground-state N (*S) atom density at 25 cm downstream from
the surfatron launching gap. Figure 12 shows that the
absolute N (*S) density depends on the N, gas pressure as
well as on the flow rate (i.e. on the residence time). The
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Figure 11. Log-log plot of fluorescence signals versus UV laser
energy for (a) N (2p* *S;,) in pure N, and (b) Kr (4p° 'Sp) in
2%XKr/N, mixture.
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Figure 12. Absolute N (2P* *S;,)-atom densities in pure N,
measured by TALIF spectroscopy as a function of the gas pressure.
All measurements of N (2p® *S;/,) TALIF have been performed at
25 cm downstream from the surfatron launching gap for 100 W of
microwave power.

measurements are performed at a microwave power of 100 W.
At a given flow rate, N (*S) density increases with increasing
pressure up to a maximum. When the flow rate increases, the
maximum is shifted to higher pressure. A maximum value
of 2.2 x 10" cm™3 is obtained at 22 Torr for 500 sccm. This
result is in good agreement with the value of 3 x 10" cm™3
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Figure 13. Absolute N (2P* 4S; ,2)-atom densities in pure N,
measured by TALIF spectroscopy as a function of the discharge
power for different values of N, flow rate and pressure.
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Figure 14. Absolute N (2P *S;,)-atom densities in pure N,
measured by TALIF spectroscopy as a function of the residence
time. See figure 12 for experimental conditions.

obtained by Mazouffre et al [26]. We have studied the effect
on the maximum of N (*S) density of the microwave power
injected in the discharge. Figure 13 shows that it increases up
to a plateau at about 100 W.

The variation of the N (*S) density is represented versus
the residence time in figure 14. After the maximum, the
density decays with the residence time independently from
the experimental conditions. According to the literature, the
production of N (*S) atoms in afterglow can be attributed
mainly to the collisions between two N, (X 12;) molecules
in high vibrational levels (10 < v < 25) through reaction
(Ryyp) [31,35].

No(X'7,10 < v < 25) +Np(X '27, 10 < v < 25)
— N@S) +N(*S) + Np (X', v = 0) (Ri1)
N(*S) + N(*S) + Ny (X 'T}) — Na(B T, v') + Np(X ' B)
(Rp2)

N*S) +wall — 1/2N,(X 3%, v = 0). (R13)



J. Phys. D: Appl. Phys. 42 (2009) 135206

Et Es-sebbar et al

Metastable species N, (A 3 ¥¥)and N (>P) can also play a
significant role in the chemistry in the late afterglow through
[31-35]:

NCP) +No(X '2F, v > 10) — N(*S) + N2 (A°Z)),  (Ryg)
N(*S) + Ny (A*ZH) — NCP) +No(X '2F, 6 < v <9).
(Ris)

However, this cycle does not lead to a net destruction of
N(*S) [31-33]. Consequently, the latter is due to three-body
reaction (R;,) and recombination on the wall (R;3) to form N,
(X3% &). Then

dIN(*S)]

TN 4
F = —kp[N,][N("S)]" = =[N("S)], 3
1 T

where ki, rate coefficient is 8.27 x 1073 exp (500/
T,(K))cm® s~ [38] and 7 is the characteristic time for (R;3):
T = Tp + Twall

The characteristic diffusion time tp is given by

[NaJA? (T, \ ™2
= £ 4
=D, (300 ’ @

where [N;] is the total nitrogen density at a given gas pressure,
A = (R/2.405) is the characteristic diffusion length, with
R = 0.3cm the tube radius, Dy = 7.9 x 108 cm~!s™! is
the reduced diffusion coefficient taken from [39] and Ty is the
gas temperature. Considering that the gas pressure is less than
45 Torrand T, = 300 K, tp does not exceed 2.8 ms. This has to
be compared with the characteristic time of wall recombination
Twan given by

Twal = 2R/y VM, )

where y is the wall recombination probability and V) is the
mean thermal velocity. The corresponding characteristic decay
time Ty, of N (*S) atoms is between 64 ms and ~4 s depending
on the value of y which varies in the literature from 2 x 107*
to 3.2 x 107° [40,41]. Therefore, the diffusion time can be
neglected and the characteristic time for (R13), T = Twa.

The density of N (*S) as a function of time can be obtained
from (3) and is given by

| -1
INC'S)](t) = {(M +7 klZ[NZ]) e/ — Tklz[Nz]} ,
(6)

where [Np] is the initial N (*S) at r = 0 extrapolated from
figure 13: [Ng] = 3 % 10 em—3. Equation (6) has been used
to model the experimental data setting y as a free parameter
(figure 15). A y value of (2.1 £ 0.3) x 10~* is obtained.
This is in agreement with the one measured by Young and
Boudart [40] and typically used to describe the spatial structure
of post-discharges [35]. The value of 3.2 x 107 determined by
Yamashita [41] can be definitively ruled out since such a low
value would correspond to a characteristic decay time of &~ 4s
incompatible with the residence time of N (*S) in our tube.

1015_

1014_

1013_

N(*s)- density, cm™

1012

10 100
time, ms

Figure 15. N (*S)-atom density as a function of the residence time:
comparison between measurements (square) and modelling for
different values of y (dotted line: 3.2 x 107%; full line: 2.1 x 107%;
dashed—dotted line: 1 x 107%). In each case, the upper line is for a
flow rate of 50 sccm and the lower line is for 500 sccm.

5. Conclusion

We have reported the characterization of the microwave
flowing post-discharge sustained at 2.45 GHz in pure nitrogen
by optical emission spectroscopy and the measurement of the
absolute nitrogen atom densities using TALIF spectroscopy
in the experimental conditions of the gas pressure range
1-45 Torr, nitrogen gas flow rate between 20 and 500 sccm
and microwave discharge power from 30 to 160 W.

OES has been performed in order to determine the axial
and temporal profiles of N3 (B 2y, v > X zEg, v”) and N,
(C31, — B31'Ig, Av = =2, Av = —3) emissions along
the post-discharge. The observed evolution of the radiative
species allows defining the near, pink and late afterglow. The
highest rotational temperature (1200 K) is reached in the near
afterglow for a discharge power of 160 W. The temperature
decreases down to room temperature in the late afterglow.

We have measured the absolute density of ground-state
nitrogen atoms in the late afterglow by TALIF spectroscopy
diagnostic using krypton as a reference gas. The N-atom
densities have been studied as a function of N, gas flow rate,
gas pressure and microwave discharge power. The kinetic of
N-atom densities depend mainly on the residence time. The
densities increase as the time increases up to a maximum,
and then the atoms destruction overcomes the nitrogen atom
production. The maximum of N-atom densities is around
2.2 x 108 cm™ at 22 Torr for 500sccm.  The decay of
N-atom density as a function of time can be modelled taking
into account losses by three-body reaction in the volume
and recombination on wall surface. The wall recombination
probability y = (2.1 £ 0.3) x 10~* is obtained for quartz.
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