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Abstract. The paper presents a calibration of the ratio of two-photon absorption

cross sections, σ
(2)
Xe/σ

(2)
O , necessary for the absolute O-atom density measurements by

two-photon absorption laser-induced fluorescence (TALIF) technique. To calibrate the

ratio of the cross-sections, a special discharge with 100% dissociation of molecular

oxygen, and so with a known “reference” density of O-atom [O]ref=2·[O2] was

suggested. This is a nanosecond capillary discharge in N2: O2 mixtures with a few

percent of oxygen at a reduced electric field of a few hundred of Td and specific

deposited energy of about 1 eV/molecule. Voltage at the electrodes, electrical current

in the plasma, longitudinal electric field and energy delivered to the gas were measured

with 0.2 ns synchronisation. Additionally, radial distribution of emission of excited

nitrogen molecules and gas temperature in the discharge and afterglow were obtained

experimentally. Detailed 1D kinetic modeling was suggested to confirm complete O2

dissociation and to analyse the main reactions. By comparing the data measured by

TALIF technique with the “reference” density of oxygen atoms [O]ref , the ratio of the

two-photon absorption cross-sections σ
(2)
Xe/σ

(2)
O was determined.

Keywords: TALIF, Xe/O cross-sections, absolute calibration, plasma, nanosecond

discharge, kinetics, spectroscopy
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1. Introduction

Most low-temperature plasma physics problems require quantitative plasma character-

isation, whereas the exchange and dissemination of results require standardisation of

the measurement process [1]. Standardisation means having a procedure that recom-

mends the best practices and produces results that will be used by the community in the

most efficient, reliable, reproducible, and least ambiguous manner. This statement fully

applies to the measurement of atomic density in plasma and afterglow of gas discharges.

1.1. Historical retrospective

Atomic species are readily produced in reactive media, such as discharge or combustion

environments. These atoms are not homogeneous in space, exhibit, being radicals, con-

siderable chemical reactivity in their ground state, and their lifetime is often too short

to be able to measure their density by standard chemical methods. Two-photon ab-

sorption laser-induced fluorescence (TALIF), offers a well-suited technique for detecting

main atomic species, such as O, H, and N, with sub-millimeter spatial resolution and

high temporal resolution, using nanosecond [2], picosecond and femtosecond lasers [3].

O-TALIF was initially developed in the 1980s as a gas discharge diagnostics tool,

suitable for relatively low gas densities, typically less than 1 mbar [4]. The difficul-

ties related to the broad gap of energy and necessity to use VUV light for excitation

of fluorescence of atoms from the ground state, were overcome by using simultaneous

absorption of two photons in the UV region at λ ≈ 225.7 nm. Around the same time,

theoretical calculations [5] and measurements [6] of two-photon absorption cross-sections

in atomic oxygen were proposed. However, obtaining the absolute atom densities was

intricate, akin to an art form, and involved precise calibration of all the components of

the diagnostic facility.

Review papers from that period discussing TALIF experiments in plasmas [7]

merely mentioned the potential of two-photon diagnostics for H, N, S, and Cl atoms.

A similar situation persisted in combustion studies, even at the beginning of the 2000s,

where TALIF was seldom employed [8]. The challenges in using TALIF in combustion

experiments included possible excitation of other species or additional production of

the measured ones in chemically active mixtures, quenching in a chemically changing

environment, and absolute calibration.

During this early stage of LIF/TALIF diagnostics development, calibration,

especially for the single-photon LIF technique, was frequently achieved through direct

comparison with other well-established techniques, such as laser absorption and/or

photolysis measurements [9]. In addition, in combustion experiments, calibration was

sometimes performed by comparing results with numerical modeling under well-defined,

thermodynamically equilibrium, typically laminar flame conditions [10].
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1.2. TALIF calibration on noble gases

The situation with TALIF changed in a revolutionary way about 20 years ago following

the publication of a series of papers [11,12]. A novel calibration method for determining

absolute atomic densities was proposed, based on a comparative measurement with a

noble gas that exhibits a two-photon resonance closely matching the transition under

investigation. The two-photon resonances of H-atoms (λ = 2 × 205.08 nm), N-atoms

(λ = 2× 206.65 nm) and O-atom (λ = 2× 225.58 nm) were investigated together with

two selected transitions in their “homologues”, namely Kr (λ = 2×204.13 nm) for H and

N atoms and Xe (λ = 2× 225.44 nm) for O-atom. The natural lifetimes of the excited

states, quenching coefficients for the most important collision partners, and the relevant

ratios of the two-photon absorption cross sections were measured, providing a “kit”

for experimentally simple and accessible calibration of densities of atoms. The ratios of

the cross-sections were based on comparative measurements by TALIF and titration [12].

Will note that the excitation scheme suggested in [11, 12], considered xenon two-

photon resonance 5p6 1S0 → 7p[3/2]2, 225.44 nm and atomic oxygen 2p4 3P2 → 3p 3PJ,

225.58 nm with a fluorescence of 7p → 6s transition for Xe at 462.43 nm, and fluo-

rescence of 3p → 3s transition for O at 844.64 nm respectively. The authors claimed

that they estimated the ratio of two-photon absorption cross-sections, σ
(2)
Xe/σ

(2)
O , “to be

correct to 50% in view of the various input parameters and the reproducibility of the

laser beam profile”.

In later paper [13], the same authors suggested an alternative scheme for Xe TALIF.

They reported xenon two-photon resonance 5p6 1S0 → 6p′[3/2]2, 224.31 nm with a

fluorescence of 6p′ → 6s′ transition for Xe at 834.91 nm. The excitation of atomic

oxygen was similar to [12], 2p4 3P2 → 3p 3PJ, 225.65 nm with a fluorescence of 3p → 3s

transition for O at 844.87 nm. This new scheme allowed using the same interference

filter and a red-sensitive photomultiplier, with the fluorescence wavelengths for Xe and

O being closer. Similar to [12], the authors performed calibration through titration

and provided a “kit” for O-TALIF measurements, including radiative lifetimes, room

temperature quenching coefficients, and the ratio of the cross-sections σ
(2)
Xe/σ

(2)
O for this

new excitation scheme [13]:

σ
(2)
Xe/

∑
J ′

σ
(2)
O(J→J ′) = 1.9, (1)

with the uncertainty being equal to ±20%.

As a result of this easy-to-use calibration approach, TALIF measurements in gas

discharge physics became more popular than single-photon LIF measurements of radical

densities over the last two decades, where simple and robust calibration remained a

challenge. TALIF with Xe-calibration has become a routine method for oxygen density
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measurements [14–19]. In recent years, the same principle of O-TALIF measurements

has been extended to picosecond [20] and femtosecond [21] TALIF. For a more detailed

analysis of the technique of TALIF diagnostics, including the latest developments, one

can refer to the recent review [2].

1.3. On recent measurements of cross-sections for Xe

Review [2] highlights that two-photon absorption cross-sections are scarce in the lit-

erature. Only one group of authors has measured the ratio of two-photon absorption

cross-sections [11–13]. Recently, more and more papers are being published where au-

thors compare different techniques under similar experimental conditions.

Paper [22] provides a comparison of numerical simulation with the absolute densities

of vibrational level obtained by high sensitivity absorption spectroscopy measurements

of the Schumann–Runge bands for O2(X, v = 4–18), O(3P) atom by TALIF calibrated

against Xe, and laser photodetachment measurements of the atomic oxygen negative

ions. The authors remark that using the value of the ratio determined by [13] may

overestimate the O atom density by up to a factor of two.

Paper [23] provides a direct comparison of absolute O-atom densities measured by

picosecond TALIF [23] and by vacuum ultra-violet Fourier transform absorption spec-

troscopy (VUV-FTAS) [24]. Both experiments were performed in He COST-µAPPJ

plasma jet with admixtures of H2O at atmospheric pressure. Maximum O densities

measured with ps-TALIF are about 70% of the O densities measured with VUV-FTAS.

In spite of the fact that the experiments were performed under markedly different con-

ditions (in the centre of the gap and at the nozzle exit, at different surface-to-volume

ratios in the discharge zone), the authors [23] mention ”two very different diagnostic

techniques used and the uncertainties associated with them” as one of the possible rea-

sons for the discrepancy.

Being inspired by the idea of direct re-calibration, the authors of [25, 26] de-

cided to reevaluate the two-photon absorption cross-sections of Xe with the help of

recording the fluorescence signal that follows the resonant absorption of two UV pho-

tons. The cross-section was found equal to 1.36+0.46
−0.34 and 1.88+0.75

−0.54 × 10−43 m4 for the

6p′[3/2]2, 224.3 nm and 6p′[1/2]0, 249.6 nm levels, respectively. For the 6p′[3/2]2,

224.3 nm level the measured cross-section appears more than a factor of 2 smaller

than what had been deduced from the measured σ
(2)
Xe/σ

(2)
O cross-section ratio [13] (see

expression (1)) and the measured two-photon cross-section of oxygen at 225.6 nm [6],

σ(2)(6p′[3/2]2) = 1.9(2)× 1.87(60)× 10−43 = 3.6+1.7
−1.4 × 10−43 m4.

The ratio of the cross-sections, based on the measurements [25, 26] and providing

almost 2 times smaller atomic oxygen density, was recently used [27] to compare O-
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TALIF with THz absorption spectroscopy on the same capacitively coupled radio

frequency oxygen discharge. Similar behavior of the atomic oxygen density was observed

for both techniques when varying the applied power (20–100 W) and the gas pressure

(0.7–1.3 mbar). Absolute values of O-atom density were systematically about 25%

smaller compared to the THz absorption spectroscopy results.

1.4. Disadvantages of classical calibration techniques. New approach based on 100% O2

dissociation at moderate gas pressures

The data variation discussed above requires an answer to the question of the accuracy of

the TALIF calibration. One of the most controversial issues in noble gas calibration is

the need to rely on a different technique to find out what the actual concentration of O

atoms in the discharge is under the experimental conditions under which the calibration

is performed.

This paper proposes a novel approach to address the calibration problem in TALIF

data by using a discharge with the “reference” density of O-atom, [O]ref . High-voltage

pulsed nanosecond capillary discharges [28–30] operating at moderate pressures offer

this unique opportunity. In these discharges, a N2: O2 mixture with a few percent

of oxygen at a reduced electric field of a few hundreds of Townsend (Td) and specific

deposited energy of about 1 eV/molecule achieves complete dissociation of molecular

oxygen. Consequently, the O-atom density in the afterglow of the discharge is pre-

cisely known in advance, [O]ref = 2·[O2]0, where [O2]0 is the initial density of oxygen

molecules. Numerical modeling presented in this paper proves 100% dissociation of O2

under given experimental conditions and analyses the main pathways of production of

atomic oxygen. By comparing the data measured by TALIF technique with the “refer-

ence” density of oxygen atoms [O]ref , it becomes possible to determine the ratio of the

two-photon absorption cross-sections σ
(2)
Xe/σ

(2)
O .

The paper is divided into the following sections. Section 2 describes the

experimental setup of the nanosecond capillary discharge, the diagnostic techniques

for measurements of parameters of the plasma and O-TALIF technique and approaches.

Section 3 reports on experimental results of plasma parameters and density of oxygen

atoms. Section 4 describes the numerical approach. Section 5 presents the results of

calculation to verify the statement of complete dissociation of oxygen molecules and

summarises the obtained information about the ratio of cross-sections. Finally, the

accuracy of the experimental determination of the ratio of the cross-sections is discussed

in the Appendix.
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Figure 1. Schematic of the (a) discharge cell (b) experimental setup, including

the discharge component (in yellow shadow) and the diagnostic component (in violet

shadow). FC is mass flow controller, PG is pressure gauges, BCS is back current shunt,

HVG is high voltage generator, TG is triggering generator, OSC is oscilloscope, PD is

photodiode, PMT is photomultiplier tube.

2. Experimental setup and methods

2.1. Discharge setup and diagnostics

The schematic of the discharge cell is depicted in figure 1(a). The discharge was ini-

tiated in a quartz capillary tube with internal and external diameters of 2 mm and

4 mm, respectively. Two brass pin electrodes were inserted into both ends of the capil-

lary, maintaining an inter-electrode distance of 53 mm. High voltage pulses of positive

polarity, amplitude of 9.4 kV, rise time of 4 ns, full width at half maximum (FWHM)

of 30 ns and repetitive frequency of 10 Hz, were produced by an FPG 12-1NM high-

voltage generator (HVG) manufactured by FID GmbH. To deliver the pulses, an RG213

coaxial cable of 50 Ω impedance, 25 m in length, was connected to the high-voltage

(HV) electrode. Another 100 m coaxial cable with a short-circuited end was connected

to the low-voltage (LV) electrode. A 48 mm × 60 mm rectangular metal screen was

connected to the grounded shielding of both the HV and LV cables, surrounding the
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capillary tube. All electrical signals were recorded by a LeCroy WaveRunner 64Xi-A

600 MHz oscilloscope.

The incidence pulse generated by the HVG was partially reflected from the discharge

cell due to a mismatch in wave resistance between the cable and plasma. Consequently,

it propagated back through the cable and experienced a second reflection from the HVG.

The reflections were blocked after 550 ns by the internal electrical circuit of the HVG.

The propagation velocity of the electromagnetic signal along the polyethylene-insulated

cable is v = c/
√
εµ = 20 cm · ns−1. As a result, a burst of three main pulses, sepa-

rated by 245 ns, was applied to the discharge tube. Subsequently, the pulse sequence

was repeated at 990 ns, resulting from the reflection of pulses transmitted through the

LV delay cable. These pulses served solely as probe signals since their energy deposited

into the plasma was negligible in comparison to the energy deposited by the main pulses.

Custom-made calibrated back current shunts (BCS) were used to measure the

waveforms of the high-voltage pulses passing through the cables, as depicted in

figure 1(b). BCS1 was employed to measure both the incident pulses (Uinc) from the

HVG and the reflected pulses (Urefl) from the plasma, BCS2 was utilized to measure the

pulses transmitted through the plasma (Utr). The electrical current and voltage between

the central wire and the shield of the cable are related by the equation I = U/Z, where

the wave resistance Z equals 50 Ω. The longitudinal electric field E derived from the

BCSs is expressed as:

EBCS(t) =
U vac
refl(t) + Urefl(t)− Utr(t)

d
, (2)

where U vac
refl is the voltage pulse reflected from the discharge cell when no discharge occurs

(e.g., at pressures below 10−2 mbar in the capillary), d = 53 mm is the inter-electrode

distance. Another method to measure the longitudinal E-field is by the capacitive probe

(CP) [31]. Custom-made calibrated CP was placed in a slit on top of the metal screen.

By moving the CP along the discharge tube at 1 mm intervals, the electric potential as

a function of distance x to the high-voltage electrode was measured. From the gradient

of these electric potentials, the electric field is calculated as:

ECP (t) = −∂Ucp(x, t)

∂x
. (3)

Then the energy W deposited in the plasma can be obtained by:

W =

∫ tpulse

0

ECP (t) · d · Itr(t)dt, (4)

where tpulse represents the duration of the pulse and Itr is the transmitted current mea-

sured by BCS2.
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Pure nitrogen and air (80% N2 + 20% O2) from Air Liquide, with admixtures

< 5.5 ppm, were used for the experiments. Two mass flow controllers, Brooks 5850TR

and SLA5800, were employed to regulate the flow rates of N2 and air, respectively. In

varying oxygen ratios of 10%, 5% and 2%, the gas mixture was directed through the

capillary via two side tubes positioned 4 mm apart from the electrodes. The total flow

rate was maintained at 50 sccm, ensuring the gas renewal for each sequence of high-

voltage pulses at 10 Hz. The static pressure in the middle of the capillary was kept at

27 mbar. The pressure was measured by taking the average readings of a pair of CMR362

capacitive pressure sensors (Pfeiffer Vacuum SAS), which were located symmetrically

at equal distances before and after the discharge cell.

2.2. TALIF measurements

Figure 2. Two-photon excitation and fluorescence schemes for atomic oxygen and

xenon (according to [13]). The level energies are given in cm−1.

Figure 2(a) shows the O-TALIF scheme: the ground-state O(2p4 3P2) is excited to

the O(3p 3P1,2,0) state by two 225.65 nm photons and subsequently fluoresces to the

level of O(3s 3S), emitting light at 844.87 nm. To obtain quantitative atomic oxygen

number densities, O-TALIF signal calibration is performed against Xe(5p6 1S0), which

has a spectrally close two-photon resonance at 224.31 nm as shown in figure 2(b). The

excited state Xe(6p′[3/2]2) then relaxes to the Xe(6s′[1/2]1) state, accompanied by the

fluorescence at 834.91 nm. The temporally and spectrally integrated fluorescence signals

S of these two species are written respectively:

SO = ΓO · nO · σ(2)
O ·

(
IOL
hνO

)2

· aO · FO · ηO·fJ=2, (5)

SXe = ΓXe · nXe · σ(2)
Xe ·

(
IXe
L

hνXe

)2

· aXe · FXe · ηXe, (6)
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where Γ represents the two-photon statistical factor at a relevant laser wavelength, which

is assumed to be invariant for atomic O and Xe since their resonances lie within close

spectral proximity, n is the number density, σ(2) is the two-photon absorption cross-

section, IL is the laser intensity, h is the Planck constant, ν is the laser frequency. F

stands for transmission of the optical filter, while η is the detector’s quantum efficiency

at the fluorescence wavelength. In addition, a is the effective branching ratio of the

observed spontaneous transition i → j:

a =
Aij

Ai +Qi

, (7)

where Ai =
∑

j<iAij = τ−1
0 is the total spontaneous emission rate of the upper level,

which is equal to the inverse of its natural radiative lifetime τ0. Qi =
∑

q k
i
qnq is

the effective quenching rate, which is expressed by the collision partner densities nq

and the corresponding quenching coefficients ki
q. The effective decay rate Ai + Qi

can be determined by fitting the time-resolved fluorescence signal from experiments.

Aij = Ai · Aij

Ai
is calculated from the pure optical branching ratio where Qi = 0. For

atomic oxygen transition 3p 3PJ → 3s 3S, the ratio is equal to 1 [13], whereas for the used

xenon transition 6p′[3/2]2 → 6s′[1/2]1 this value is 0.733 [32]. Therefore, the effective

branching ratio can be further expressed as:

aO =
AO

AO +QO

, (8)

aXe =
0.733 · AXe

AXe +QXe

. (9)

The fine structure of ground-state atomic oxygen needs to be considered due to the

triplet states. Assuming the states are populated according to a Boltzmann distribution

with the gas temperature Tg, the population fraction of the selected sub-levels fJ=2 is

expressed as:

fJ=2(Tg) =
(2J + 1)e

− EJ
kBTg∑

j=2,1,0 (2j + 1)e
−

Ej
kBTg

, (10)

with the state energy E2 = 0 cm−1, E1 = 158.27 cm−1, E0 = 226.98 cm−1 [13] and kB is

the Boltzmann constant. Finally, the number density of ground-state O-atom is given

by comparing equations (5) and (6):

nO = nXe ·
σ
(2)
Xe

σ
(2)
O

· ν2
O

ν2
Xe

· 0.733 · AXe

AO

· AO +QO

AXe +QXe

· FXe

FO

· ηXe

ηO
· I

2
Xe

I2O
· SO

SXe

· 1

fJ=2

. (11)

As illustrated in figure 1(b), the laser system consists of a frequency-doubled Quanta

Ray Nd:YAG laser, which pumps a Sirah Lasertechnik Cobra Stretch dual-grating dye

laser to generate the fundamental beam. This light is then frequency-tripled by two
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successive alpha-BBO nonlinear crystals, to yield 3 mJ tunable UV pulses with a pulse

duration of 6.5 ns and a repetition rate of 10 Hz. The UV beam, propagating along the

capillary diameter, was focused by a 1-inch diameter, 50 cm focal length plano-convex

lens (Thorlabs LA4184-ML). The focal point was set approximately at 1 cm after the

capillary to avoid damaging the tube. The diameter of the laser beam at the entrance

to the capillary was equal to 1 mm. A variable waveplate (Model 5540 Berek polariza-

tion compensator) and an alpha-BBO glan-laser polarizer (Thorlabs GLB10), namely

energy attenuator, collectively modulated the laser intensity from 50 µJ to 350 µJ. A

photodiode (Thorlabs DET10A) with rise time of 1 ns was used to monitor the laser

intensity. The 2D spatial profile of the laser beam was checked by the camera beam pro-

filer (Thorlabs BC106N-UV/M). It was proved that, for the two wavelengths employed

for O-TALIF (225.65 nm) and Xe-TALIF (224.31 nm), the 2D distribution of light is

similar.

Fluorescence was detected using Hamamatsu Photosensor Module H11526, an

infrared-sensitive photomultiplier (PMT) with a gate function. The PMT was positioned

atop the beam propagation axis and the capillary in an orthogonal configuration. Two

1-inch diameter plano-convex lenses, with focal lengths of 75 mm (Thorlabs LA4725)

and 100 mm (Thorlabs LA4380) respectively, were employed to collimate and refocus

the fluorescence light into the PMT. A bandpass filter centered at 850 nm (Thorlabs

FBH850-40) was positioned in front of the PMT, blocking the emission from the plasma

and scattered light from the UV probe laser. The time evolution of the O-atom density

was measured by regulating the delay between the probe laser pulse and the discharge.

To achieve this synchronization, a BNC 575 triggering generator (TG) was employed,

which triggered the flash lamp and Q-switch of the Nd:YAG laser, the HVG and the

gated PMT.

3. Experimental results

3.1. Plasma parameters measurements

3.1.1. Electric field, current and deposited energy in the discharge. According to the

technique of BCS and CP mentioned above, the measured longitudinal reduced elec-

tric field E/N for three main discharge pulses in 27 mbar of N2 + 10% O2 mixture is

plotted in figure 3. The red dashed line shows the back current shunt data scaled for

synchronization in time of the CP and the BCS measurements. It was based on the fact

that the waveforms of the Laplacian field measured by CP and BCS are similar and can

be superimposed at a few first nanoseconds before the start of the discharge [28]. The

accuracy of synchronization is equal to 0.2 ns. The shape of the first pulse is a classical

fast ionization wave (FIW) field [33]. A sharp peak of E/N , 600 Td, is the FIW front,

responsible for the initial ionization. In this period, the electric field is directed mainly

radially from the axis of the discharge to the grounded screen, and the CP provides a
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Figure 3. The longitudinal electric field measured by the capacitive probe (CP)

technique and by the back current shunt (BCS) technique in 27 mbar of N2 + 10%

O2 mixture for (a) the first third discharge pulse (dotted red line is the scaled BCS

data used for synchronization of CP data with the BCS measurements), (b) the second

third discharge pulse and (c) the third discharge pulse.
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Figure 4. Synchronized profiles of the reduced electric field, transmitted current and

deposited energy for the first pulse of N2 + 10% O2 discharge at 27 mbar.

lower estimate of the field. After the FIW front, the field is directed mainly along the

discharge gap, showing a good correlation between the CP and the BCS data. This

agreement of E/N by the two techniques is clearly seen as well during the second and

the third pulse in figures 3(b) and 3(c). In those pulses, the discharge develops without

a sharp peak of E/N due to the high value of residual ionization between the pulses [29].

Synchronized waveforms of the reduced electric field E/N , transmitted current Itr
and deposited energy W for the first pulse are presented in figure 4. The deposited

energy is 8.2 mJ and most of the energy is deposited during the period of current

flowing through the discharge tube. The specific deposited energy ω is correspondingly

0.48 eV/molecule. Will note that the origin of time in this work is set to be at the

moment when the FIW closes the discharge gap, i.e. the start of transmitted current.

3.1.2. Initial distribution of electron density: derived from emission measurements of

N2(C
3Πu) → N2(B

3Πg) transition. In the first nanoseconds after the ionization wave

crossing the gap, the radial profile of electron density is related to the radial profile of

radiation intensity of the second positive system (SPS) of nitrogen (N2(C
3Πu, v

′ = 0)

→ N2(B
3Πg, v

′′ = 0) transition) provided that two conditions are fulfilled: first, the

emitting N2(C
3Πu) state should be populated by electron impact from the ground state

N2(X
1Σ+

g ); second, the quenching rate of N2(C
3Πu) should be independent on the radial

coordinate. The second condition is satisfied when the main quenching of N2(C
3Πu)

occurs in the collisions with nitrogen and oxygen molecules and is not correct when the
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Figure 5. (a) Normalized experimental profile of the emission of the SPS of nitrogen

averaging the first 5 ns of the discharge, N2 + 10% O2 mixture at 27 mbar. The

dashed red profile is the correction using a manually defined distribution of emission

caused by light scattering in the quartz wall. (b) Normalized radial distribution of the

N2(C
3Πu, v

′ = 0) density for the corrected emission profile.

quenching by electrons becomes dominant [29]. Under considered conditions, quenching

of N2(C
3Πu) by electrons starts to be noticeable at ne ∼ 1015 cm−3, which corresponds

to approximately 8-10 ns from the start of the discharge current.

In this work, the emission of SPS of nitrogen F(y) along the radial axis y of the

discharge tube was captured using the ICCD camera (PI-MAX 4 1024i, Princeton

Instruments) with the help of a long-distance microscope (QM1, LaVision). Since it

is a line-integral measurement, the reverse Abel transform is introduced. Assume that

the distribution of the emitting molecules f(r) is axisymmetric and can be presented as

a polynomial of order n of the radius r:

f(r) = a0 + a1r + a2r
2 + · · ·+ anr

n. (12)

where r ∈ [0, R0], R0 is the radius of the plasma channel. Then the Abel transform of

this polynomial can be expressed as

F(y) = 2

∫ R0

y

(a0 + a1r + a2r
2 + · · ·+ anr

n) · rdr√
r2 − y2

= 2
n∑

i=0

aiIi(y), (13)

where the integral functions Ii(y)i∈{1,2,...,n} are given by

Ii(y) =

∫ R0

y

ri+1dr√
r2 − y2.

(14)

For every i, Ii(y) depends only on the geometry of the plasma channel, therefore can

be expressed analytically and precalculated using the Wolfram Alpha engine [34]. This

provides the possibility of using the integrals as basic functions for the decomposition of
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F(y), i.e. experimental profile, in the series over Ii(y) by the least-squares method [35].

An image of the capillary tube illuminated by an LED lamp was acquired to

identify the pixels corresponding to the outside boundaries rext of the tube. The

pixels corresponding to the internal walls R0 of the tube were determined from external

boundary coordinates and the known geometry of the tube. A noticeable level of stray

emission from the quartz wall of the capillary, R0 < r < rext, was observed during all the

measurements. The following empirical equation was suggested to describe the radial

distribution of the wall emission:

Iquartz(r) = A1 · θ(r −R0) · θ(rext − r) · (e
−|r−R0|

α + A2e
−|r−rext|

α ), (15)

where A1 is the amplitude of scattered light at r = R0, θ(r − R0) is a Heaviside step

function defined as θ = 0 at r < R0 and θ = 1 at r ≥ R0. A2 is the weight coefficient for

the second exponential decay and the decay rate α was selected from the measured

emission intensity in the quartz wall. The direct Abel transform of equation (15)

was then subtracted from the experimental profile to get the final corrected emission

profile, given an example in figure 5(a). In addition, the experimentally normalized

emission profile was observed to be approximately the same (within 2%) during the

first 5 ns, which proved the independence of the quenching rate of N2(C
3Πu) state on

the radial coordinate. Figure 5(b) shows the obtained radial distribution of N2(C
3Πu)

state emission in N2 + 10% O2 mixture at 27 mbar, which was used as the initial radial

distribution of electron density in 1D numerical calculations.

3.1.3. Temperature measurement in the discharge and afterglow. The emission

spectrum of the SPS of molecular nitrogen was used for determining the rotational

temperature in the discharge and afterglow. The relationship between the rotational

temperature of the excited species and the gas temperature depends on the ratio

of the lifetimes of the emitting state t0 and the characteristic time of rotational-

translational relaxation tRT . If t0 ≫ tRT (the first case), the emitting molecule is

in the thermodynamic equilibrium with surrounding gas and the measured rotational

temperature TC
rot is equal to the gas temperature Tg. The second case corresponds

to t0 ≪ tRT , which means that the influence of a few collisions during the N2(C
3Πu)

lifetime does not perturb the initial Boltzmann rotational distribution formed by direct

population by the electron impact from the ground state N2(X
1Σ+

g ). If so, the rotational

distribution of the excited state copies the rotational distribution of the ground state [36]

according to the Franck-Condon principle. The ground state rotational temperature TX
rot

is equal to the translational temperature and the gas temperature can be calculated as:

Tg = TX
rot = (BX

e /BC
e )T

C
rot, (16)

where BX
e /BC

e = 1.998/1.825 = 1.095 [37] is the ratio between the rotational con-

stants of the N2(X
1Σ+

g ) and N2(C
3Πu) states, T

C
rot is the rotational temperature of the



Xe/O cross-sections for TALIF: absolute calibration 15

Figure 6. Time evolution of the gas temperature in the nanosecond capillary discharge

and near afterglow for different N2: O2 mixtures at 27 mbar.

N2(C
3Πu) state.

It has to be mentioned that the N2(C
3Πu) state is populated directly from the

ground state only at high reduced electric fields, e.g. E/N > 100 Td. However,

the population of the N2(C
3Πu) state from the N2(B

3Πg) state can be significant if

E/N < 100 Td and the density of the N2(B
3Πg) state is rather high [38]. In that case,

the N2(B
3Πg) state is in thermal equilibrium with the background gas due to the long

lifetime, giving the gas temperature as:

Tg = TB
rot = (BB

e /B
C
e )T

C
rot, (17)

where BB
e /B

C
e = 1.637/1.825 = 0.897 [37] is the ratio between the rotational constants

of the N2(B
3Πg) and N2(C

3Πu) states, respectively.

The rotational temperature of the N2(C
3Πu) state T

C
rot was determined by fitting the

experimentally measured spectrum using SpecAir software [39]. It was shown in [29,30]

that for similar nanosecond capillary discharge, there are not enough collisions to ther-

malize the rotational distribution of N2(C
3Πu) with the background gas. Furthermore,

it has been checked that the influence of a few collisions during the N2(C
3Πu) lifetime

under the present conditions does not perturb the initial Boltzmann rotational distribu-

tion from the ground state [30]. Thus, for the main three pulses with high electric field,

equation (16) was used for the conversion. For the pulses which were the reflections of
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the transmitted current pulses from the zero load on the end of the low voltage cable

(after 1 µs), the reduced electric field was rather low. With a low oxygen mixture ratio,

equation (17) was applied.

The temporal profile of the gas temperature is shown in figure 6. The gas heating in

all the N2: O2 mixtures at 27 mbar was rather intense: the measured gas temperature

increases from 300 K to 1000 K within the first 500 ns, which gives a heating rate

of 1400 K · µs−1. Then it gradually reaches the value of 1200 K in the postdischarge

period. Will note that this is a usual feature of nanosecond pulsed discharges at high

electric fields [40], and the rate of the heating is explained by fast energy relaxation from

electronically excited atoms and molecules. According to equation (10), the variance of

Tg from 300 K to 1200 K provides the population fraction fJ=2 from 0.6066 to 0.5994,

making it indispensable to be considered in the following TALIF measurements.

3.2. O-atom density measurements

3.2.1. Selection of laser intensity for non-saturated measurements and quenching for

atomic Xe and O. By the definition of equations (5) and (6), a linear relationship be-

tween the measured TALIF signal and the number density of the species of interest is

valid only if the signal demonstrates a quadratic dependence with the laser intensity.

Additional processes such as stimulated emission, photoionization and photodissociation

are normally neglected compared to the fluorescence if this non-saturated linear regime

establishes [12].

To ensure that all the measurements were taken within the non-saturated regime,

full spectral scans were taken at various levels of laser intensity. The intensities cap-

tured by the photodiode were temporally integrated, squared and maintained at the

same level for each wavelength scan. Plotting the temporally and spectrally integrated

TALIF signal S versus the quadratic laser intensity, linear relationships were observed

both for pure Xe and different ratios of N2 : O2 mixtures as shown in figures 7(a) and

7(b), respectively. The saturation effect for Xe-TALIF is distinct when the applied laser

energy is too high. Based on the linear regime, the laser energy chosen for the follow-

ing Xe calibration was about 130 µJ and for O-atom density measurements was about

250 µJ.

To determine the effective decay rate AXe + QXe of Xe-TALIF signal, temporal

profile St(t) taken by PMT was registered and fitted with an exponential decay function

y(t) = e−t/τ . The Stern–Volmer plot, Xe-TALIF decay rate versus Xe pressure, was

shown in figure 8(a). One can observe a good agreement between the experimental data

and the values given in [13], which verifies the feasibility and accuracy of the calibration.

The effective decay rate of O-TALIF signal AO + QO is vital and challenging to
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Figure 7. The dependence of (a) Xe-TALIF spectrum integral on the quadratic laser

intensity in Xe at 3 mbar. (b) O-TALIF spectrum integral on quadratic laser intensity

in different N2: O2 mixtures at 27 mbar and laser delay of 5 µs to the discharge. The

highlighted part is the range of laser intensities used in the following experiments.

Figure 8. (a) Stern–Volmer (SV) plots of Xe from the experiment and [13] (τXe
0 =

40.8 ns, kXe
Xe = 3.6 × 10−10 cm3/s). (b) Time evolution of the O-TALIF signal decay

rate for different N2: O2 mixtures at 27 mbar.

obtain since the quenching of the excited O-atom in N2: O2 mixture is so strong that

the decay becomes fast enough to be comparable with the laser pulse duration. The

temporal profile St(t), which is the convolution of an exponential decay function y(t),

the squared laser pulse shape I2(t) and the instrumental response function P (t) (the

shape of the electrical signal observed when the PMT is exposed to an infinitely short

light pulse) [41], is more possible to be dominated by the laser profile (6.5 ns pulse

duration) rather than the exponential decay. In this case, an optical pulse slicer was

employed to shorten the laser pulse duration as shown in figure 1(b). It is a combination

of a Pockels cell and a polarizer. Applying a high voltage across the cell alters the bire-
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Figure 9. (a) Example of decay rate fitting for O-TALIF signal, including temporal

profiles of PMT response, laser pulse, exponential decay, convolution result and

experimental data for N2 + 2% O2 at 27 mbar with the delay time of 5 µs. (b)

Example of error estimation of the decay rate fitting.

fringence of the cell material, and thereby rotates the polarization of the light passing

through. The polarization response occurs instantaneously and lasts for as long as the

high voltage is sustained across the cell [42, 43]. The Pockels cell used in this work is

developed by Leysop Ltd and consists of a UV BBO crystal mounted in a housing with

electrical leads. It is driven by a FID high voltage generator (FDS 3-1NM1), delivering

up to 3 kV pulses with a nominal width of 2.5 ns (FWHM). These pulses are terminated

with a matching 50 Ω high voltage load. As a result, the FWHM of the UV beam after

the pulse slicer is shortened from 6.5 ns to 2.5 ns.

A de-convolution process was then performed: by changing the time coefficient of

the exponential decay function, one can get the best convolution result fitted to the

experimental data with the least root mean square error (RMSE). Figure 9(a) gives an

example of the fitting result and the corresponding error range determination is shown

in figure 9(b). Finally, figure 8(b) shows the O-TALIF signal decay rates along with

time for all N2: O2 mixtures.

3.2.2. O-atom density measured in three mixtures with different percentages of O2. Ac-

cording to equation (11), O-atom density is determined by a series of parameters, whose

values are listed in table 1. The two-photon absorption cross-section ratio σ
(2)
Xe/σ

(2)
O (pre-

defined), natural lifetime of the excited τXe
0 and τO0 were taken from the literature [13].

The number density nXe and decay rate AXe + QXe were calculated based on the Xe

calibration at 300 K, 3 mbar. The decay rate of excited O-atom AO + QO was taken

from the experimental data as shown in figure 8(c). Transmission of the bandpass filter

F was measured by the Cary 60 UV-Vis spectrophotometer at the wavelength interval

between 820 nm to 880 nm. The quantum efficiency of PMT η at different fluorescence
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Table 1. Parameter values applied for O-atom quantification.

Parameter Value Unit Reference

nXe 7.4× 1016 cm−3 this work

σ
(2)
Xe/σ

(2)
O 1.9 – [13]

ν2O/ν
2
Xe 0.9882 – [13]

AXe = 1/τXe
0 1/40.8 ns−1 [13]

AO = 1/τO0 1/34.7 ns−1 [13]

AXe +QXe 0.05 ns−1 this work

FXe/FO 1.0096 – this work

ηXe/ηO 1.36 – this work

fJ=2 0.6066 – this work

Figure 10. Time evolution of the O-atom absolute density in different N2: O2 mixtures

at 27 mbar. The dashed lines are the total O-atom densities when complete dissociation

is satisfied. The cross-section ratio σ
(2)
Xe/σ

(2)
O is predefined as 1.9 taken from [13].

wavelengths for atomic Xe and O was obtained experimentally using a halogen light

source (Ocean Insight HL-2000) and a spectrometer (Andor SR-500i-B1) with a cali-

brated diffraction grating. fJ=2 was taken from equation (10) using the gas temperature

of 1200 K measured in section 3.1.3. The variance of Tg was proved to be minor during

the period of 2.5 µs to 25 µs by analyzing the FWHM of fluorescence spectrum at each

time delay.

As a result, time evolutions of O-atom density in different N2: O2 mixtures at
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27 mbar were calculated and shown in figure 10. The dashed line expresses the total O-

atom density in the corresponding mixture when a condition of the complete dissociation

is satisfied. For the time period from 2.5 µs to 25 µs, all the O2 were dissociated to O-

atom in the mixture of N2+5% O2 and N2+2% O2 based on the TALIF measurements.

For the case of N2 + 10% O2, the dissociation degree is approximately 70%.

4. Numerical approach

As it is discussed above, the used technique for absolute calibration of the ratio of Xe/O

two-photon absorption cross-sections is based on the statement of complete dissociation

of oxygen molecules in the discharge. To verify this statement and to analyze the main

channels of O2 dissociation, numerical simulation of the discharge parameters was per-

formed for conditions of the present experiment.

The calculations were carried out in 1D approximation describing the temporal

evolution of radial profiles of particle density at axial symmetry. The validity of

suggested approximation is proved by the fact that radial gradients of the discharge

parameters are much higher than the axial gradients in the interelectrode direction.

The longitudinal electric field E was calculated as

E =
I

2πe
R∫
0

ne(r)µe(r)rdr

, (18)

where ne(r) and µe(r) are the radial profiles of electron density and electron mobility,

R = 1 mm is the internal radius of the discharge tube.

The numerical modeling focuses on the detailed kinetics in N2: O2 mixtures after

the closing of the discharge gap by FIW and in the near afterglow. The initial radial

profile of electron density ne(r), and the temporal evolution of the conductive current I,

both measured experimentally, were taken as the input data of the code. The gas den-

sity was assumed to be constant since the time scale of considered processes (< 3 µs) is

much less than a characteristic time of the gas extension (∼ 20-30 µs for characteristic

dimensions of the discharge cell).

The following equation was solved for the electron density:

∂ne

∂t
=

1

r

∂

∂r

(
rDa

∂ne

∂r

)
+ ne (νion − νatt)−Qrec +Qdet, (19)

here, Da is the ambipolar diffusion coefficient, νion and νatt are the electron impact

ionization and attachment frequencies, Qrec is the electron-ion recombination rate, and

the term Qdet accounts for all the processes of electron detachment from negative ions

in collisions with O(3P) atoms. The densities of other charged species are determined
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from similar balance equations.

Ionization, dissociation and excitation rates were calculated for each time instant

as a function of reduced electric field on the basis of the solution of the Boltzmann

equation in a two-term approximation using BOLSIG+ code [44] with the imported

cross-sections for N2 molecules [45], for O2 molecules [46, 47] and for O atoms [48]. To

describe the dissociation of N2(A
3Σ+

u ,B
3Πg,C

3Πu, a
′1Σ−

u ) molecules by electron impact,

the cross sections calculated in [49] were used. Here and below N2(B
3Πg) will denote

combined triplet states N2(B
3Πg,B

′3Σ−
u ,W

3∆u) and N2(a
′1Σ−

u ) - combined singlet states

N2(a
′1Σ−

u , a
1Πg,w

1∆u).

It should be noted that the two-term approximation is valid [45,50] for the consid-

ered experimental conditions because the reduced electric field in the region of the main

energy input does not exceed a few hundreds of Td. The e-e processes were taken into

account in the calculations, since at the end of one of the main pulses at relatively high

electron densities and low electric fields, E/N < 100 Td, electron–electron collisions

become important for EEDF formation, electron drift velocity and rates of excitation

for considered electronically excited states.

The main reactions determining the production of atomic nitrogen and oxygen in

N2: O2 mixtures are given in table 2. The basis of the kinetic model is the reactions

described in detail and analyzed in [40,51]. Results of the verifications related to the role

of the reactions of nitrogen dissociation by electron impact at conditions of low specific

energy deposition (SED) were analyzed in [52]. The role of the reactions of stepwise

dissociation of electronically excited states N2(A
3Σ+

u ,B
3Πg,C

3Πu) in discharges with

high ionization degree was considered in [53]. In [30], the main processes of fast gas

heating in N2: O2 plasma at high ionization degrees and high specific energy deposition

were discussed. The obtained results were used for the fine-tuning of the kinetic model of

a gas-discharge nitrogen-oxygen plasma, which is particularly important for the present

conditions.

5. Discussion of the calculation results

As mentioned in section 4, experimentally obtained waveforms of electrical current were

used as input data in the calculations (see figure 4). An example of the modeling of

plasma parameters for the first discharge pulse is presented in figure 11(a). The cal-

culations were made for N2 + 5% O2 mixture for initial pressure and gas temperature

P0 = 27 mbar and T0 = 300 K respectively. Good agreement between the temporal be-

havior measured by the capacitive detector (curve 1) and calculated (curve 2) reduced

electric field E/N(t) is clearly seen. Calculated averaged over the cross-section specific

deposited energy (curve 3) provides the same value as experimentally measured one (a

point). Most of the discharge energy is deposited in the gas at E/N = 150–300 Td,
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Table 2. The main reactions determining the production of nitrogen and oxygen

atoms in N2: O2 mixtures used in the model.

No. Reaction Rate constant, cm3s−1 Reference

C1 O+
2 + e → O(3P,1 D) + O(1D) 2× 10−7 × (300/Te)

0.7 [54]

C2 N+
2 + e → N(4S) + N(2D) 2× 10−7 × (300/Te)

0.37 [54]

C3 O2 + e → O(3P,1 D) + O(3P) + e f(E/N) [46,47]

C4 N2 + e → N(4S) + N(2D) + e f(E/N) [52,55]

C5 N2(A
3Σ+

u ,B
3Πg,C

3Πu) + e → N(4S) + N(2D) + e f(E/N) [49,53]

C6 N2(A
3Σ+

u ) + O2 → O(3P) + O(3P) + N2 2.5× 10−12 [40, 51,56]

C7 N2(B
3Πg) + O2 → O(3P) + O(3P) + N2 3.0× 10−10 [40, 51,56]

C8 N2(a
′1Σ−

u ) + O2 → O(3P) + O(1D) + N2 2.8× 10−11 [40, 51,56]

C9 N2(C
3Πu) + O2 → O(3P) + O(1D) + N2 3.0× 10−10 [40, 51,56]

C10 N2(B
3Πg, a

′1Σ−
u ,C

3Πu) + O(3P) → NO+N(2D) 3.0× 10−10 [57]

C11 N(2D) + O2 → NO(v) + O(3P,1 D) 7.5× 10−12 × (T/300)0.5 [56]

C12 N(2D) + N2 → N(4S) + N2 4.52× 10−14 × T 0.68 × exp (−1438/T ) [58]

C13 N(4S) + O2 → NO+O(3P) 1.1× 10−14 × T × exp(−3150/T ) [40,51,56]

C14 N(4S) + NO → N2(v) + O(3P) 1.05× 10−12 × T 0.5 [40, 51,56]

suggesting a high energy efficiency of dissociation of the mixture molecules.

Similar calculations were performed for the second discharge pulse. The results of

the calculations are shown in figure 11(b). The average specific delivered energy in the

second pulse is approximately the same as in the first pulse, and most of this energy

is deposited in the gas at approximately the same E/N . Agreement between the mea-

surements and calculations in both the first and second pulses proves that the model

adequately describes not only ionization but excitation of other degrees of freedom,

in particular excitation of electronic states and the dissociation. Will note that high

Figure 11. Time behaviour of the reduced electric field E/N and specific energy

deposition ω in (a) the first and (b) the second pulse for N2 + 5% O2 mixture at

27 mbar. Curve 1 and the point are the experimental data, curves 2 and 3 are the

calculation results.



Xe/O cross-sections for TALIF: absolute calibration 23

dissociation degrees of N2 molecules and high energy efficiency of N-atom generation,

GN ∼ 10 N-atom/100 eV, were recently obtained in a similar discharge in molecular

nitrogen [53].

The results of comparison of the calculated data on specific energy deposition for

all three discharge pulses with the measured data in mixtures of N2 + 5% O2 and

N2 + 10% O2 are given in table 3. It should be noted that the SED values in the

nanosecond capillary discharge are quite high: the average specific deposited energy

over the discharge cross-section ω > 1 eV/mol, and in the near-axis region of the

discharge the energy is about 1.5 times higher.

Table 3. Comparison of experimental and calculated average specific energy

deposition (SED) in three discharge pulses for N2+5% O2 and N2+10% O2 mixtures.

Pulse ω, eV/mol.

number expt, 5% O2 calc, 5% O2 expt, 10% O2 calc, 10% O2

1 0.52 0.51 0.48 0.48

2 0.53 0.54 0.56 0.52

3 0.093 0.13 0.11 0.11

Sum 1.15 1.18 1.15 1.12

The kinetic curves of the main components during three discharge pulses and in

the afterglow for different percentages of oxygen in the mixture are shown in figure 12.

A common feature for 10% (figure 12(a)), 5% (figure 12(b)) and 2% (figure 12(c)) of

O2 in nitrogen is that the electron density reaches ∼ 1015 cm−3 already in the first

pulse. Three peaks of the electron density in time correspond to three discharge pulses

separated by 250 ns. A sharp increase of O-atom density is observed for each pulse;

[O] continues increasing between the pulses, and finally, smooth growth of atomic oxy-

gen concentration continues in the afterglow on submicrosecond timescale. For all three

mixtures considered, the results of O-atom density calculations agree with the measured

data (points). The decrease in the experimental atomic density at times t > 20 µs can

be attributed to gas-dynamic extension due to the arrival of a rarefaction wave in the

considered section of the discharge channel, which was not taken into account in the

model.

In order to analyze the main reactions leading to the production of atomic oxygen,

a comparative analysis of the rates of the reactions giving the greatest contribution

to the formation of O atoms was carried out. The results of the calculations are

presented in figure 13. During the discharge pulses and early afterglow between them

(0 ns < t < 500 ns), the main contribution to the production of O atoms comes from

the reactions of dissociative quenching of excited nitrogen molecules by O2 (reactions

C6-C9 in table 2 and in figure 13):
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Figure 12. Time evolution of main species densities near the discharge axis, calculated

with 1D kinetic model in (a) N2 + 10% O2 (b) N2 + 5% O2 (c) N2 + 2% O2 at 27 mbar.

Points are experimental data (see figure 10), curves are the results of calculation.
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Figure 13. The rate of reaction for O-atom production at the discharge axis in the

N2+5% O2 mixture: C3. O2+e → 2O+e, C6−C9. N2(A
3Σ+

u ,B
3Πg, a

′1Σ−
u ,C

3Πu)+

O2 → 2O+N2, C11. N(2D)+O2 → NO+O, C13. N(4S)+NO → N2+O, C14. N(4S)+

O2 → NO+O.

N2(A
3Σ+

u ,B
3Πg, a

′1Σ−
u ,C

3Πu) + O2 → O(3P) + O(3P,1D) + N2. (20)

The concentration of molecular oxygen in the time interval 0 ns < t < 250 ns drops

significantly. As the [O]/[O2] ratio increases, the role of the pathway (reactions C7-C9)

decreases because electronically excited N2(B
3Πg, a

′1Σ−
u ,C

3Πu) molecules are quenched

by atomic oxygen (reaction C10 in table 2):

N2(B
3Πg, a

′1Σ−
u ,C

3Πu) + O(3P) → NO+N(2D). (21)

To understand the main pathways in the afterglow, at t > 600 ns, will consider first the

dissociation of N2(A
3Σ+

u ,B
3Πg,C

3Πu) in the discharge. The main source of N-atoms [53]

is the dissociation by direct electron impact (reaction C5 in table 2):

N2(A
3Σ+

u ,B
3Πg,C

3Πu) + e → N(4S) + N(2D) + e. (22)

Obtained N-atoms, in the ground N(4S) and excited N(2D) states, produce atomic

oxygen in the following collisions with oxygen or NO molecules in reactions C11, C13

and C14 in table 2:

N(2D) + O2 → NO(v) + O(3P,1D), (23)

N(4S) + O2 → NO+O(3P), (24)
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N(4S) + NO → N2(v) + O(3P). (25)

Reaction C14 produces the maximum amount of atomic oxygen in the afterglow. The

rate of reaction C11 drops sharply in the afterglow due to the quenching of excited

nitrogen N(2D) atoms by nitrogen molecules, reaction C12:

N(2D) + N2 → N(4S) + N2. (26)

Indeed, the rate constant of the reaction C12 increases significantly with gas tempera-

ture [58]. Up to 90% of the excitation energy of N(2D) atoms in this reaction goes into

the heating of the gas and only less than 10% into the vibrational excitation of N2(v).

In the developed kinetic model, the rates of several important reactions strongly

depend on the gas temperature. These are the reactions of quenching of N(2D) atoms

by nitrogen (C12) [58] and oxidation of atomic nitrogen N(4S) + O2 → NO + O(3P)

(C13) [56]. Figure 14 shows the results of calculations (curves) and measurement data

(points) of the temporal behavior of the gas temperature in the considered discharge and

near afterglow. The dashed curve corresponds to the gas temperature on the discharge

axis, and the solid curve corresponds to the temperature averaged over the discharge

cross-section (see [30]). As can be seen, the developed model allows an adequate de-

scription of the experimental data on gas heating and, accordingly, of the values of rate

constants with a strong temperature dependence. The fraction of the discharge energy

going to 2 µs into gas heating is ηR = 23%, which is comparable to the efficiency of

fast gas heating (FGH) under similar conditions in nitrogen and air [30]. In the post-

discharge period, the gas cools down due to the thermal conductivity: at P = 27 mbar

and tube radius R = 1 mm, the time of temperature decrease to 900 K is 30–40 µs.

To analyze the spatial distribution of the dissociation degree of oxygen molecules,

the radial profiles of O(3P) atoms at different time moments were calculated. At rel-

atively high electron density in the capillary discharge (ne ∼ 1015 cm−3), electron-ion

recombination reactions cause the radial profiles of ne(r) significantly flatter during the

pause between discharge pulses (higher recombination rate in the center and lower at

the periphery). From pulse to pulse and with time, the distribution becomes more and

more flat, causing a similar flat O-atoms distribution. Figure 15 shows examples of

such calculations for N2: O2 mixtures at time t = 20 µs after discharge initiation. The

densities are presented in linear scale and normalized to absolute values of a maximum

over the cross-section O-atoms density, [O]max, for each profile. As can be seen, for

mixtures with oxygen fractions of 2% and 5%, the [O](r)/[O](r = 0) ratio exceeds 90%

at r < 0.85 mm and r < 0.75 mm, respectively.

The results of the calculations and their comparison with the experimental data

show that the assumption of complete dissociation of oxygen molecules in this discharge
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Figure 14. Temporal dynamics of gas temperature for N2 + 5% O2 mixture at

27 mbar. Points are experimental data (see figure 6), curves are calculation results:

the dashed curve - at the discharge axis, the solid curve - averaged over the cross-

section.

Figure 15. Normalized radial densities of atomic oxygen O(r)/O(r = 0) at 20 µs

after discharge in different mixtures: [O]max = 2.73 × 1016 cm−3 for N2 + 2% O2,

[O]max = 6.8 × 1016 cm−3 for N2 + 5% O2 and [O]max = 1.28 × 1017 cm−3 for N2 +

10% O2.

is fulfilled for N2: O2 mixtures with oxygen fraction less than 6–7%. This fact is used to

determine the ratio of Xe/O two-photon absorption cross-sections within the framework
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Table 4. Calculation results of Xe/O two-photon absorption cross-section ratio in

N2 + 5% O2 and N2 + 2% O2 mixtures.

O2 fraction, % Time, µs α, a.u. σ
(2)
Xe/σ

(2)
O , a.u. Uncertainty, %

5 5 0.91 1.77 11.05

5 10 0.91 1.67 11.36

5 25 0.91 1.88 10.82

2 5 0.95 1.83 11.70

2 10 0.95 1.82 11.40

2 25 0.95 2.13 12.73

of the technique presented in section 3.2.

Therefore, at the known density of O-atoms in a nanosecond capillary plasma, the

ratio of the two-photon absorption cross-sections σ
(2)
Xe/σ

(2)
O was determined experimen-

tally according to equation (11):

σ
(2)
Xe

σ
(2)
O

= α · n
ref
O

nXe

· ν
2
Xe

ν2
O

· AO

0.733 · AXe

· AXe +QXe

AO +QO

· FO

FXe

· ηO
ηXe

· SXe/I
2
Xe

SO/I2O
· fJ=2, (27)

where α is the correction factor caused by radial distribution of oxygen atoms discussed

above and in Appendix, and by laser beam passing through this distribution; nref
O is the

“reference” density of oxygen atoms [O]ref=2·[O2]0, where [O2]0 is the initial density of

oxygen molecules. The values of other parameters are listed above in table 1. Experi-

mental points in N2 + 5% O2 and N2 + 2% O2 mixtures after 5 µs were selected to

calculate the corresponding cross-section ratio. The results are shown in table 4 with

detailed accuracy analysis discussed in the Appendix. Data point with a big error at

25 µs in N2 + 2% O2, statistically situated out of the data set mainly due to a low sig-

nal-to-noise ratio, was excluded from the data treatment. Analysis of the five remaining

experimental points, using the Student’s statistic [59] for the 95% confidence interval to

account for the scatter of the final data and related stochastic error, led to the following

result for the cross-section ratio:

σ
(2)
Xe/σ

(2)
O = 1.8± 0.2. (28)

6. Conclusions

This paper presents a calibration of the ratio of the two-photon absorption cross

sections, σ
(2)
Xe/σ

(2)
O , namely 5p6 1S0 → 6p′[3/2]2, 224.31 nm wavelength for Xe and

2p4 3P2 → 3p 3PJ, 225.65 nm wavelength for oxygen atom. The calibration is based on

TALIF measurements carried out in a specifically designed pulsed nanosecond discharge
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that operates at medium pressures and has a predefined concentration of atomic oxygen.

To achieve this objective, a pulsed nanosecond capillary discharge operating at

medium pressures, 20-30 mbar, was proposed. In this pressure range, the discharge is

stable and well-reproducible. A distinctive feature of this discharge is the high values

of total specific delivered energy, ω > 1 eV/mol, and the major part of this energy

is released at high electric fields, E/N = 150–250 Td. As a result, the efficiency of

dissociation of molecules in plasma is high [17, 29]. In mixtures of nitrogen with small

oxygen additives, high values of the dissociation degree of oxygen molecules, up to 100%

dissociation of O2, are observed in the afterglow of the discharge.

Three different mixtures, 10%, 5% and 2% of oxygen in nitrogen, were considered

in this work. The gas flow rate at 27 mbar pressure was chosen to ensure that, at a

given discharge pulse repetition rate of 10 Hz, the gas was changed between pulses.

Each discharge was excited by a burst of three pulses of about 9.4 kV amplitude in

the cable, with an FWHM of 35 ns and a time interval of 245 ns between them. Each

experiment included measurements of the full set of discharge parameters: voltage at

the electrodes, electrical current in the plasma, longitudinal electric field and energy

delivered to the gas, all measurements synchronized with 0.2 ns accuracy. Additionally,

the radial distribution of emission of excited nitrogen molecules and the gas temperature

in the discharge and afterglow were measured.

Atomic oxygen density at t ≥ 1 µs was measured by TALIF technique. Usually,

the knowledge of the ratio of Xe/O two-photon absorption cross-sections, σ
(2)
Xe/σ

(2)
O , is

necessary to determine absolute density of O atoms. The fact that complete dissociation

of oxygen molecules can be achieved in the considered discharge, was used to calculate

the ratio σ
(2)
Xe/σ

(2)
O . For this purpose, the value [O]ref = 2 · [O2]0, where [O2]0 is the ini-

tial density of oxygen molecules, was used as a reference value for the density of O atoms.

To verify the assumption of complete dissociation of oxygen molecules and to de-

termine the main channels of O2 dissociation, 1D axisymmetric calculations [30] were

performed taking the measured time profile of the discharge current pulse as initial data.

The results of calculation were compared with the measured data on the reduced electric

field E/N(t) and the specific energy contribution ω in each of the three pulses in the

burst, as well as with the time behavior of gas temperature T (t) in the discharge and

near afterglow. The results of calculations agree with the measurement data, indicating

the accuracy of the description of all key discharge parameters. This allows the use of

the developed model for prognostic assessments.

In the discharge under consideration, the main channels of O-atom production

are reactions of quenching of excited states of N2(A
3Σ+

u ,B
3Πg,C

3Πu, a
′1Σ−

u ) by oxygen

molecules, as well as reactions of atomic nitrogen, in the ground N(4S) and excited
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N(2D) states, with O2. Significant contribution of reactions involving atomic nitrogen

to the production of O atoms is related to the high density of N atoms, which, in turn, is

a consequence of efficient dissociation of N2(A
3Σ+

u ,B
3Πg,C

3Πu) by electron impact [53].

According to the calculated data, the assumption of complete dissociation of oxygen

molecules is fulfilled for N2: O2 mixtures with oxygen fraction less than 6-7%. Therefore,

for these mixtures, comparison of the data obtained by the TALIF technique with the

”reference” density of [O]ref atoms, was used to determine the ratio of Xe/O two-photon

absorption cross-sections. Special attention was paid to the analysis of laser beam pas-

sage through the section of a capillary with weakly inhomogeneous density of atomic

oxygen and to the analysis of measurement error. The result of this calibration provides

the following value:

σ
(2)
Xe/

∑
J ′

σ
(2)
O(J→J ′) = 1.8 (±0.2).

The value of σ
(2)
Xe/σ

(2)
O obtained in this work is similar to the data obtained in [13]

and differs markedly from the ratio used in [27] were it was suggested, following [25,26]

that the ratio should be reduced by a factor slightly greater than 2. The question of

how the ratio of cross sections relates to the absolute value of the cross-section of the

two-photon excitation of Xe measured in [25,26] remains open.
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Appendix A. Accuracy of the measurements of the ratio of Xe/O

two-photon absorption cross-sections

The systematic errors of the measurements mainly come from the inhomogeneous dis-

tribution of oxygen atoms over the cross-section of the discharge capillary. Three ap-

proaches to the error estimation are described below. For all of them, it was assumed

that the laser beam is homogeneous along the propagation direction and passes through

the center of the capillary.
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In the first simplified approach, refraction of the laser beam when passing through

the capillary was neglected, and the interaction of the cylindrical laser beam with the

distribution of O atoms in the capillary was considered. Then the average along the

beam length density of atoms, Oav, can be calculated using the following expression:

Oav =
1

Z
·

Z∫
0

O(r)dr +

R∫
Z

(R2 − r2) ·O(r)dr

R∫
Z

(R2 − r2)dr

. (A.1)

Here, Z =
√
R2 −R2

0, R = 1 mm is the radius of the capillary and R0 = 0.5 mm is the

radius of the laser beam. The results of calculations provide the difference between the

maximum (plateau) value of O-atoms taken in the paper and the averaged according to

the formula above [Oav]: at t > 5 µs, ∆[O] = ([O]− [Oav])/[O] = 3-4% for the mixture

N2 + 2% O2, ∆[O] = 7% for the mixture N2 + 5% O2, ∆[O] = 11-12% for the mixture

N2 + 10% O2.

Figure A1. (a) Passing of the laser beam through the capillary: 2D ray tracing

(upper half part). The diameter of the incident beam is 1 mm, the outer diameter of

the capillary is 4 mm, and the inner diameter of the capillary is 2 mm. The refraction

index for quartz at 225 nm is taken to be n = 1.52. (b) Radial distribution of O-atom

density over the cross-section of the capillary in N2 + 5% O2, t = 15 µs. Symbols are

the results of calculations, solid curve is a polynomial approximation.

In the second approach, 2D ray tracing was performed numerically. The incident

laser beam was considered as a cylinder 1 mm in diameter. Figure A1(a) shows the re-

sults of ray tracing on the upper half part of the capillary cross-section. The divergence

of the beam after passing through a thick curved capillary wall, playing the role of a

short-focus diverging lens, is small: the beam deviation from the horizontal does not

exceed 6◦. Figure A1(b) presents a polynomial approximation of the numerically radial

distribution of O-atoms in N2 + 5% O2 at 15 µs, which further gives us a 2D distribu-

tion across the cross-section of the capillary as shown in figure A2. As far as atomic
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Figure A2. 2D-distribution of O-atoms density and the TALIF region covered by the

laser beam over the half of cross-section of the capillary.

fluorescence is detected from the entire region of the laser beam inside the capillary, the

traced pattern was convoluted with the calculated 2D distribution of O-atom density.

The obtained result is that the systematic error caused by not taking into account the

laser beam refraction and the 2D distribution of the O-atoms over the cross-section of

the capillary is equal to 9%. The factor doesn’t change with time after 5 µs due to the

stabilization of the O-atom radial distribution.

The third approach was a rough experimental test supplementary to the analysis

above. A methodologically ideal measurement of the fluorescence from a point near the

axis of the tube from a very small area, no more than 0.2-0.3 mm in diameter, would

result in a very high signal-to-noise ratio (SNR), making measurement impossible. Will

note that a 1 cm wide slit in the metal screen 24 mm apart from the axis of the capillary

served as a wide “natural” diaphragm when collecting the fluorescence light. To check

how much the experimental result is influenced by the absence of a pinhole, the ratio

of fluorescence of oxygen and xenon, SO/SXe, was measured in a basic configuration

under 27 mbar of N2 + 5% O2 at 5 µs and with a 1.5 mm diameter pinhole mounted on

the slit in the screen at the distance 24 mm from the center of the capillary. The ratio

SO/SXe was found to be equal to 35.4 a.u. in the basic configuration and 37.5 with

a 1.5 mm pinhole, providing 6% increase of the signal. Finally, will note that for the

light passing from the capillary outside to the PMT, a thick capillary wall is a strongly

diverging lens, so only the near-axis light of the collection system passes without being
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Table A1. Accuracy of parameters of cross-section ratio determination in N2+ 5%

O2 mixture.

Parameter Relative uncertainty, %

δα
α ±3

δnO

nO
±1

δnXe

nXe
±1

δτXe
0

τXe
0

±5 [13]

δτO
0

τO
0

±4.9 [13]

δ(AO+QO)
AO+QO

±5

δ(AXe+QXe)
AXe+QXe

±2

δFXe

FXe
, δFO

FO
±2

δηXe

ηXe
, δηO

ηO
±2

δ(SXe/I
2
Xe)

SXe/I2
Xe

±4

δ(SO/I2
O)

SO/I2
O

±4

decreased in amplitude because of a strong divergence of light.

To summarize, it is necessary to set a factor α to correct the measurement due to

O-atoms distribution with the laser beam profile in the capillary. Equation (A.2) was em-

ployed to calculate the total measurement error of σ
(2)
Xe/σ

(2)
O in equation (27). Uncertainty

δα/α was estimated by the error of Abel transform (radial profile) of N2 SPS emission,

δnO/nO and δnXe/nXe were taken from the accuracy of the flow rate controller and the

pressure sensor, δτXe
0 /τXe

0 and δτO0 /τO0 were measured in [13]. The errors related to the

experimentally observed decay rate of the fluorescence, δ(AXe+QXe)/(AXe+QXe) and

δ(AO+QO)/(AO+QO) were calculated based on the fitting processes of the experimental

data illustrated in section 3.2.1. The uncertainty of the other parameters was taken

directly from the measurements on the basis of stochastic errors. Table A1 lists the

estimated relative uncertainty of each parameter in N2+ 5% O2 at 5 µs. The final values

of error according to equation (A.2) are presented in table 4 together with obtained

values of the ratio of the cross-sections.

δ(σ
(2)
Xe/σ

(2)
O )

σ
(2)
Xe/σ

(2)
O

=

√(
δα

α

)2

+

(
δnO

nO

)2

+

(
δnXe

nXe

)2

+

(
δAO

AO

)2

+

(
δAXe

AXe

)2

+

[
δ(AXe +QXe)

AXe +QXe

]2
+√[

δ(AO +QO)

AO +QO

]2
+

(
δFO

FO

)2

+

(
δFXe

FXe

)2

+

(
δηO
ηO

)2

+

(
δηXe

ηXe

)2

+

[
δ(SXe/I2Xe)

SXe/I2Xe

]2
+

[
δ(SO/I2O)

SO/I2O

]2
.

(A.2)
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