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Femtosecond Two-Photon Absorption Laser Induced
Fluorescence (fs-TALIF) Imaging of Atomic Nitrogen in
Nanosecond Repetitive Discharges

Ciprian Dumitrache!, Arnaud Gallant?, Gabi-Daniel Stancu?, Christophe Laux*
Laboratoire EM2C, CNRS, CentraleSupélec, Université Paris-Saclay, 91190 Gif-sur-Yvette, France

Presented herein is a feasibility study for absolute measurements of ground state atomic
nitrogen inside of a nanosecond repetitive pulse (NRP) discharge using a femtosecond two-
photon absorption laser induced fluorescence (TALIF) technique. A two-photon absorption
scheme (A= 2 x206.6 nm) is used to probe the ground state population of atomic nitrogen (2p®
4S) inside the discharge. The scheme involves the excitation of the 3p Sz level with the
subsequent fluorescence collection taking place from the radiative decay to the 3s *P triplet
state around 745 nm. The main challenge is to demonstrate the ability to perform the
measurements at above atmospheric conditions where the typical ns-TALIF diagnostics is
unable to provide information due to the high rate of collisional quenching. As such, the
current investigation focuses on high-pressure discharges in pure nitrogen. We demonstrate
here the ability to measure fs-TALIF signals from atomic nitrogen in NRP discharges operated
at pressures between 0.1-5 bar. Additionally, we perform fs-TALIF measurements in Krypton
and we identify the main fluorescence channels using the ). = 2 x204.13 nm excitation scheme.
We report that significant saturation effects was observed in both mixtures due to the presence
of photoionization which resulted in a departure from the 12 dependency of the TALIF
intensity.

I. Introduction

fficient production of large amounts of nitrogen atoms is of importance for many industrial applications such as

the enhancement of nitridation processes?, the synthesis of novel nanomaterials? or biomedical treatments®*.
Moreover, it is also important to understand the high-pressure kinetic pathways that lead to atomic nitrogen production
in plasma-assisted combustion in order to evaluate the plasma influence on NOx generation®¢. Despite the growing
interest, measurements of the ground-state atomic nitrogen are challenging to perform because the excitation photon
energy lies in the VUV range (2 =100 -120 nm) which is not readily accessible by direct absorption spectroscopy.
The present contribution seeks to address an existing gap in the literature by proposing measurements of the ground-
state population of atomic nitrogen in a nanosecond repetitive pulsed (NRP) discharge at pressures above 1 bar using
fs-TALIF as a diagnostic tool.

The first nitrogen TALIF experiment was performed by Bischel et al. 7 inside a flow discharge in which atomic
nitrogen was obtained by N dissociation in a He+SFg buffer gas mixture at ~10 Torr. Their proposed scheme involved
the two-photon excitation of the 3p “D multiplet state at A = 2 x 211 nm with fluorescence collection taking place in
the NIR at 868 nm following the radiative decay: 3p *D «3s *Ps,. In our experiments, we are using a different TALIF
excitation scheme involving the 3p “Sgp2 level at A = 2 x 206.6 nm. This scheme was first proposed by Adams et al.
and it has been shown in the past to present some distinct advantages compared to the scheme proposed by Bischel.
Despite the higher photon energy, the 3p %S, state benefits from a lower quenching rate of the upper state by N 8.
Moreover, the collection of fluorescence takes place in the visible spectrum (A = 745 nm) where the quantum efficiency
of the most detectors is notably higher. Es-sebbar et al. have used optical emission spectroscopy together with the
same N-TALIF scheme proposed here to characterize the post-discharge of a flowing microwave plasma source
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operating at 2.45 GHz. They were able to measure a maximum N (*S) density of n, = 2.2 x 10*5¢cm ™3 for a pressure
of 22 Torr using a nanosecond laser system for excitation®.

It has been shown in the past that ns-TALIF is a reliable technique for measurements below several tens of
milibars®. Above this pressure, the quenching of the excited state becomes the major loss mechanism with a time
scale even faster than the laser pulse length, i.e. below ns at atmospheric pressuret. Therefore, the main challenge of
this study is to develop a “quenching free” diagnostic technique in the pressure range of interest (p=1-10 bar) using a
femtosecond laser as the excitation source. Previous experimental work performed by Kulatilaka et al. demonstrated
fs-TALIF for H-atom density measurements in a CH4/Air Bunsen flame at atmospheric conditions??. In their system,
the laser excitation wavelength (A = 2 x205 nm) is obtained by pumping an optical parametric amplifier (OPA) with
a Ti:Sapphire femtosecond laser. Two-dimensional measurements of atomic oxygen densities inside an NRP discharge
are demonstrated for the first time by Schmidt et al.*®. They report local number densities ranging from 103 —
10%® ¢cm™3 for atomic oxygen with high spatial resolution (~15 um) and fast acquisition rate (~1 kHz).

The current study reports on the development of a fs-TALIF technique for performing density measurements for
atomic nitrogen inside of an NRP discharge using the A = 2 X 206.6 nm excitation scheme. We report that fluorescence
signal was successfully collected inside the discharge in a pressure range corresponding to p=0.1-5 bar. This
demonstrates the ability of our technique to perform measurements in conditions that are heavily affected by
collisional quenching in nanosecond regime. Additionally, measurements inside of a well-known quantity of krypton
were also carried-out using a A = 2 X 204.1 nm scheme. The purpose of the krypton measurement is to provide a
method of calibration for the determination of absolute atomic nitrogen densities in future studies. We report that the
signal is affected by saturation due to the presence of photoionization in both gas mixtures.

Section 1l discusses the theory behind two-photon absorption laser induced fluorescence in two cases: low
excitation limit (unsaturated regime) and high fluence (or saturated regime). The experimental setup used to perform
fs-TALIF measurements in atomic nitrogen and krypton is presented in Section Il and the experimental results are
presented in Section IV. Finally, the manuscript concludes with conclusions and plans for future work in Section V.

Il. Theory

The objective of this section is to provide a description of the calibration method used for TALIF diagnostics to
determine ground-state densities of atomic nitrogen in an NRP discharge. The proposed method is based on a
comparative measurement at a spectrally close two-photon resonance of krypton gas*4. The transitions responsible for
fluorescence emission are described in Fig. 1 below for both atomic nitrogen and krypton. Briefly, the krypton
excitation scheme involves the absorption of two photons at 204.13 nm from the ground-state 4p 'S to the first excited
state 5p” [3/2]2. Fluorescence is emitted at 826.3 nm during the radiative decay: 5p’ [3/2]2 =55’ [1/2]1. The motivation
for using Kr as a calibration source stems from the fact that the excitation scheme is at a similar wavelength with the
desired atomic nitrogen scheme. This enables us to use the same laser system for both the Kr calibration and the N-
atom TALIF experiment. In addition, the noble gas is found naturally in its atomic ground-state (unlike the atomic
nitrogen which needs to be dissociated first) and can be metered with precision inside the reactor for the calibration
experiment.

The calibration itself is done by filling the reactor with a known concentration of Kr and measuring the
fluorescence signal intensity at this known condition. Several prerequisites are necessary in order for the calibration
to be valid. Firstly, both measurements need to be performed with the same spatial, spectral and temporal laser
intensity distribution. This requirement eliminates the need to completely characterize the laser radiation source.
Secondly, it is necessary that the fluorescence is collected in the non-saturated regime (i.e. the fluorescence signal
scales ~ I,4..,-2). Otherwise, the effects of resonance-induced photoionization (REMPI) and their respective cross-
sections need to be known a priori. In the case of low photon fluxes, the ground-state atomic densities remain almost

[T 1)

the same and the integrated fluorescence signal for species “x”, is given by?®:

)

SX =n AlET W, na
TALIF XAl NoeWopnax
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Figure 1: Energy Level Diagram for Kr and N-atom TALIF

Where ny represents the number density of species “x”, Al is the signal collection volume, % is the collection solid
angle, T is the transmission of the optical system (windows, lenses, mirrors) and 74 is the quantum efficiency of the
detector. The two-photon excitation rate, W,,,, is expressed in terms of a two-photon cross section, @ which has

been determined experimentally in the past for ns-TALIF:
2

I
Wopn = GPa@g(Av) (H) @)

In the equation above, G is the photon statistic factor (typically taken ~2 817), g(Av), is the normalized line profile
(ffof gW)dv = 1) which comprises of a convolution between the laser photon spectral profile and the absorption line
of the atom as described by Niemi et al. °. It is important to note that, since the TALIF scheme involves the absorption
of two photons, the collected signal is proportional to the square of the laser intensity. Thus, the TALIF signal depends
strongly on the laser beam quality (i.e. ability to tightly focus a beam) and the laser pulse duration. The last quantity
in Eq. (1) represents the optical branching ratio of the observed fluorescence transition and is given by:
Ay

= 2y +Q ®)
From a physical point of view, the optical branching ratio is a measure of the efficiency with which fluorescence signal
is being generated from the excited state populated by two-photon absorption (denoted here with subscript 2). It is the
ratio between the spontaneous emission over channel “i”” of the multiplet state, A;, and the effective de-excitation rate
Y.i A, + Q, where Q is the collisional quenching rate.

Finally, the absolute nitrogen density is obtained by dividing the signal obtained experimentally in the discharge
(according to Eq. 1) by the TALIF signal in pure Kr:

SV rae

SKTTALIF A (4)
The factor y represents the ratio of atomic and experimental constants and is determined partly experimentally and
partly from literature (especially the ratios of quenching rates and excitation cross-sections).

However, it is important to note that Eq. (1) above is only valid under the assumption of low excitation (i.e. far
from saturation) when the ground level is not significantly depopulated. In the case of high laser intensity (such as in
the case of femtosecond laser pulse excitation), this assumption is not necessarily valid. For example, photo-ionization
by a 2+1 REMPI, in which the state 3p “Ss2 acts as the intermediate excitation state, could be significant. If REMPI
is to be included into the model, Eq. 1 becomes:

Ny = Ngy
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sX = hvAlTy ﬁ[ WepnAai ] [1 — exp (— {W + Z Ay + Q}t)]
TALIF QE A WREMP] +ZiA2i +Q REMPI ; 21 (5)

Additionally, strongly pumped excited states could become much more populated than the nearby electronic states
which will result in population inversion and stimulated emission between these levels. When the stimulated emission
is present, it reduces the population of the excited level and acts to further reduce the measured TALIF signal*>%, In
this particular scenario, the calibration becomes cumbersome as the REMPI cross-sections and the stimulated emission
need to be determined for both mixtures in order to perform the calibration.

A few important differences between fs-TALIF and ns-TALIF techniques should be noted. The two-photon
excitation rate in case of fs-lasers is lowered due to the broad laser spectral profile and is largely increased because
the laser is mode-locked, the photon statistic factor being much higher in case of fs lasers. A “quench-free” fs-TALIF
technique can be implemented when lasers with high photon flux are employed. As shown in the work of Stancu?®,
the fluorescence signals become independent on quenching phenomena. However, Rabi oscillation and Stark shift
effects need to be considered to correctly model the laser-atom interaction.

I11. Experimental Setup

The optical layout used for the fs-TALIF experiment is presented in Fig. 1 below. The femtosecond laser pulses
are produced by a Ti:Sapphire laser system (Spectra Physics Solstice ACE) which operates in the wavelength range A
= 780-830 nm. The actual laser system comprises of three components: a femtosecond seed laser (Spectra Physics
MaiTai), a nanosecond Q-switched pump laser (Spectra Physics Empower) and a regenerative amplifier stage. The
seed laser is a mode-locked Ti:Sapphire laser that produces femtosecond pulses (~100 fs) with low peak power at high
repetition rate (average power ~1 Watt, at 1 MHz). The pump laser is a solid state Nd:YLF that operates at a
wavelength of 527 nm generating pulses with a power in excess of 40 Watts and a repetition rate of 1 kHz. The
operational principle of the laser is based on the concept of chirped pulse amplification: the fs pulse generated by the
seed laser is stretched in time inside the chirped stretcher using a grating and it is passed through a Ti:Sapphire gain
medium that has been previously excited by the pump beam of the Nd:YLF laser. At the exit of the amplifier cavity,
the pulse is compressed again with another grating to recover the femtosecond pulse. In its current configuration, the
Solstice Ace system provides 100 fs pulses with an average pulse power ~7 Watts at a repetition rate of 1 kHz. The
output beam of the Ti:Sapphire laser (A = 828 nm) is frequency quadrupled to reach the TALIF wavelengths using a
third harmonic stage (Spectra Physcs TP-1A-THG) followed by a fourth harmonic stage (Spectra Physics TP-1A-
FHG). The third harmonic generation is obtained by means of two second order non-linear processes: second harmonic
generation (w; + w; = w,) followed by sum frequency generation (w; + w, = w3). A timeplate is installed between
the second and the third harmonic generation stages in order to eliminate the time delay caused by the group velocity
dispersion (GVD) of the crystal and optics. Finally, the fourth harmonic light is obtained by mixing the third harmonic
light with the fundamental (w, + w; = w,). The power obtained at the fourth harmonic as well as the leakage of the
other harmonics at the output of the frequency quadrupling stage have been measured and are summarized in Table 1
below.

Table 1: Laser power for each of the harmonics measured at the output after a separating prism

Harmonic Wavelength [nm] Power [mW] Polarization

1t 828 4 Vertical
2nd 414 3.5 Vertical
3rd 276 2 Vertical
4th 207 62 Horizontal

The fourth harmonic is selected at the laser exit using a pair of dichroic mirrors and a prism which has the role
separating the 4™ harmonic that will be used for the TALIF experiment from the leakage light from the other harmonics
(in particular, the fundamental which is spectrally overlapped with the krypton fluorescence wavelength at 826 nm
and needs to be suppressed). The TALIF beam is focused inside of the chamber using a f=125 mm lens to generate
beam waist of 50 um. The spot size was measured by traversing the beam with a razor blade according to the method
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described by Siegman?’. A beam quality corresponding to M?=6 was obtained by fitting the beam radius along the
Rayleigh range (See Fig. 2) according to the formula:

(6)

A
w?(z) = wo® + —— M?*(z — 2,)*
W,

Finally, the fluorescence signal is collected using an /2.8 lens and imaged onto the entrance slit of spectrometer
(Acton SP-500i). The entrance slit width was set to 500 microns and the entire slit height is imaged vertically onto the
detector array of a ICCD camera (Princeton Instruments PiMax 2). For all the experiments reported here a 1200
grooves/mm grating blazed at 500 nm was used. The dispersion was determined to be 0.034 nm/pixel, which yielded
an on-1CCD spectral resolution of 0.43 nm/pixel (pixel size corresponds to 12 x 24 um for a 512 x 512 pixel array).

ICCD

M , Spectrometer

ﬁ

Pr ' _I
- ns- Pump
| il mlrv-iiit v w Legend:
1 M -lr— M Q M — Mirror
BD M TP — Timeplate
1 FHG T ’_ -D SHG —Second-Harmonic Generation
E 1 | © THG — Third-Harmanic Generation
[} 1 | ] FHG — Fourth-Harmonic Generation
I'm iy M | —_— _ BD — Beam dump
1 2 —— B fs Seed L —Lens (f=100 mm)
1 276 nm T Pr —Prism
M FI —High Bandpass Filter (A = 750 nm)
I_ _________ I_ _________ ICCD — Intensified Charged-Coupled Device

Figure 2: Optical Layout for the fs-TALIF experiments. The same setup is used for both Kr calibration and N-atom
measurements inside the NRP discharge

NRP discharges are produced with a FID FPG20-30MKS50 high-voltage pulse generator. The generator can
deliver pulses of up to 20 kV, with a pulse length tunable between 10-50 ns at a maximum repetition rate of 30 kHz.
The maximum current attained in NRP discharges is about 50 A.

x 10°

/

Beam Waist? mlcronz)
)
+

2 A
A

0 0.5 1 15 2 25 3
Z Position (micron) x 10°

Figure 3: Measurements of the beam radius across the Rayleigh range. The fit allows one to determine the beam
waist size (Wo=52 pum) and beam quality (M?=6).
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The two-photon absorption scheme in krypton generates emission over several channels as seen in Fig. 4. It is
interesting to note that, due to the broad profile of the laser pulse (FWHM~0.4 nm), there are in fact 9 emission lines
observed experimentally. Moreover, even though most of past literature have focused on the fluorescence emitted at
826.3 nm during the radiative decay: 5p’ [3/2]2 —=5s’ [1/2]1, the strongest emission was observed at 760 nm from the
radiative decay of: 5p [3/2], —5s [3/2].. This transition is also more convenient to access due to the fact that it is not
spectrally overlapped with the laser’s fundamental frequency (1 = 818 nm, FWHM~10 nm) and it is spectrally closer
to the nitrogen triplet state that is probed in the NRP discharge which will alleviate some of the constraints on the

IV. Results and Discussions

detector quantum efficiency and transmission of optical system as seen in Eq. (1) and Eq. (5) respectively.

x 10°
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Figure 4: fs-TALIF emission spectra for Krypton. The fluorescence was obtained usingthe 4 =2 X 204.2 nm
excitation scheme.

Table 2: Spectroscopic data for the experimentally observed transitions in krypton (from NIST)?

Line Wavelength [nm] Einstein Coefficient [sec] Lower Level, Term, J Upper Level, Term, J

(a) 556.22 1.10E+05 4s24ps(2P°,,)5s,  2[3/2)°, 2 4s24p5(2P° ,)5p, 2[3/2], 2
(b) 557.03 9.80e+05 4s24ps(2P°,.)5s,  2[3/2]°, 2 4s24pS(2P° ,)5p, 2[1/2], 1
(c) 587.09 7.1e+05 4s24p3(2P°,.)5s,  2[3/2]°, 1 4s24p5(2P° ,)5p, 2[3/2], 2
(d) 758.74 4.310e+07 4s24p5(2P°,0)5s,  2[3/2]°, 1 4s24p5(2P°,,,)5p, 2[1/2], O
(e) 760.15 2.732e+07 4s24ps(2P°y,)5s,  2[3/2]°, 2 4s24p5(2P°5,,)5p, 2[3/2], 2
(f) 769.45 4.27e+06 4s24ps(2P°,0)5s,  2[3/2]°, 2 4s24p5(2P°,,,)5p, 2[3/2], 1
(g) 785.48 2.041e+07 4s24ps(2P° )55, 2[1/2]°, O 4s24p5(2P° ,)5p, 2[1/2], 1
(h) 811.29 3.610e+07 4s24ps(2P°,0)5s,  2[3/2]°, 2 4s24p5(2P°,,,)5p, 2[5/2], 3
(i) 826.32 3.416e+07 4s24ps(2P° )5s,  2[1/2]°, 1 4s24pS(2P°,)5p, 2[3/2], 2

The fluorescence signal for the atomic nitrogen inside the NRP discharge is collected from the radiative decay of:

3p *Sar2—3s *Pizan2sre triplet. Shown in Figure 3 is the TALIF signal collected at 10 s after the discharge using the
spectrometer. All three transitions are observed with the strongest one being the 3p #Ss;2—3s “Psy transition (also see
Table 3 for the comparison with the NIST database). It is worth noting that the triplet was also naturally observed in
the plasma between 1 us and 5 us after the discharge. Thus, for the early times, the plasma background needs to be

subtracted in order to obtain the pure TALIF signal.
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Figure 5: fs-TALIF emission spectra for atomic nitrogen inside of a NRP discharge. The fluorescence was obtained
using the A = 2 x 206.7 nm excitation scheme and was collected at 10 us after the discharge at po =100 mbar.

Table 3: Spectroscopic data for the experimentally observed transitions in atomic nitrogen (from NIST)?

Line Wavelength [nm]  Einstein Coefficient [sec] Lower Level, Term, J Upper Level, Term, J

(a) 742.36 5.64e+06 2522p2(3P)3s, 4P, 1/2 2522p2(3P)3p, 450, 3/2
(b) 744.23 1.19e+07 2s22p2(3P)3s, 4P, 3/2 2522p?(3P)3p, 489, 3/2
(c) 746.83 1.96e+07 2s22p2(3P)3s, 4P, 5/2 2s22p2(3P)3p, 4S9, 3/2

The krypton calibration method can be reliably used to obtain absolute densities of ground state atomic nitrogen in
the discharge as long as the fluorescence signal is collected in the unsaturated regime. The influence of saturation on
the TALIF signal is verified by plotting the fluorescence intensity as a function of laser fluence. According to Eq. (2),
the TALIF signal is expected to vary with 17, if the effects of resonant multiphoton ionization and stimulated
emission are negligible. From a physical point of view this means that there are no other population losses pathways
from the two-photon excited state than spontaneous emission (fluorescence) and collisional quenching. However, a
much lower dependency on laser intensity is observed experimentally for both krypton (Fig. 6-left) and atomic
nitrogen (Fig. 6-right). This indicates the presence of additional loss channels such as 2+1 REMPI and (possibly)
stimulated emission. To complement these observations, significant bremsstrahlung emission has been observed
experimentally even after the plasma background has been subtracted which supports the idea that photoionization
induced by the laser is present. It should be noted that, for a 100 fs laser pulse, the spot size calculations presented in
the previous section indicate a laser peak intensity on the order of ~ 4 TW/cm?. This is much higher than the typical
intensity required to achieve 2+1 REMPI even with nanosecond laser pulses?. In order to perform N-atom TALIF
measurements in the quench-free regime at elevated pressure one has to operate in conditions of high laser fluence
which means that photoionization and stimulated emission needs to be considered.
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Figure 6: Fluorescence signal as a function of laser intensity for krypton (left) and atomic nitrogen (right). The

experiments were conducted at po=100 mbar.

The atomic nitrogen fluorescence signal decay after the discharge is shown at various pressures (p=0.1-2 bar) in
Fig. 7 below. We note that initially the signal is stronger as we increase the pressure. This is due to the fact that there
is more molecular nitrogen available to be dissociated in the discharge. However, the signal decays faster with time
at higher pressure due to the faster three-body recombination of atomic nitrogen to form N2(B)% 5. An interesting
finding is that the TALIF signal stays relatively constant between 10-60 ps (and even longer at low pressures). Over
this range of time delays, the recombination is counter-balanced by the increase in ground state population through

collisional de-excitation of atomic nitrogen excited states (N(?P), N(*D) and N(*D), in particular) 2%,
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Figure 7: Atomic nitrogen TALIF signal evolution in time for various pressures inside of an NRP discharge

(Vdisch=8.5 kV).

The highest pressure in which fs-TALIF signal was collected so far corresponds to 5 bar and was limited by
the window thickness on our reactor and the ability to supply the voltage required to generate breakdown at higher
pressures. As can be seen from Fig. 8, all three transitions of the triplet are still visible at 5 bars and the signal-to-noise
level it’s still reasonable high at 5 bars (SNR7420m=6.7, SNR724nm=14, SNR746nm=31.4) indicating that it is possible to
go even further up in pressure once the chamber is adapted for higher pressure operation and the pulser power supply

is augmented.
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Figure 8: Fluorescence signal for atomic nitrogen at three different pressures. The signal was collected 10 us after
the discharge (Vaisch=15 kV).

V. Conclusions and Future Work

In this study, we performed measurements of the ground state atomic nitrogen (2p2 S) generated by dissociation
of Nz in an NRP discharge at above-atmospheric pressures. To obtain fluorescence in this pressure range, a fs-TALIF
experiment was developed. The fs-TALIF scheme developed here involves the excitation of the 3p Sz level (A =
2 x 206.6 nm) with the subsequent fluorescence collection taking place from the radiative decay to the 3s *P triplet
state around 745 nm. We are reporting that fluorescence signal was successfully collected for pressures as high as 5
bars with the ability to extend the range further in future studies. Additionally, we performed fs-TALIF measurements
in krypton using a two-photon excitation scheme similar to the one used in nitrogen (A = 2 x 204.1 nm). It is reported
here that the fluorescence signal is affected by saturation in both gases due to the high laser fluence of the femtosecond
laser system (liaser ~ 4 TW/cm?) which is different than previously reported in fs-TALIF literature. Future work will
further develop the fs-TALIF technique presented herein in order to provide quantitative information for number
density of the ground state atomic nitrogen using the krypton signal as a calibration source. Moreover, the technique
will be expanded to provide temporally resolved 2-D spatial mappings of the atomic nitrogen inside the NRP
discharge.
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